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Introduction

Economic growth is bound to energy consumption.aBee anthropogenic emissions
of carbon dioxide result primarily from the comhbastof fossil fuels, energy consumption is
at the center of the climate change debate.

In December 2009, the fifteenth session of the @amice of Parties to the United
Nations Framework Convention on Climate Change (@6Pwas held in Copenhagen,
Denmark. After COP-15 there were no legally bindiagreements to cut emissions,
nevertheless the key developed and developing sesntegotiated a Copenhagen Accord in
its final session. Under the Accord, a process @sablished for countries to enter specific
mitigation pledges by January 31, 2010. The emissimitigation pledges submitted by
countries pursuant to the Copenhagen Accord fah iwo general categories: absolute
reductions of greenhouse gas emissions and ingemsitictions, independent of economic or
material output [EIA].

The goals of the European Union for 2020 were “te& renewable energies should
have a 20% share of the total energy production taedoverall C@ emission should be
reduced by 20%” [ERE].

Renewable energies are nowadays the fastest-grasvinge of world energy. High
projected oil prices, the concern about the enwirental impacts of fossil fuel use and strong
government incentives for increasing the use oéwable energy in many countries around
the world have improved the prospects for renewab&rgy sources worldwide [EIA].

One way to achieve the proposed international gsalke use of photovoltaic solar
energy, or more simply photovoltaics (PV). Thisimethod of generating electrical power by
converting solar radiation into direct current #lietty using semiconductors that exhibit the
photovoltaic effect. Photovoltaic power generatemploys solar panels composed of a
number of solar cells containing a photovoltaic enal. Materials presently used for
photovoltaics include monocrystalline silicon, polystalline silicon, amorphous silicon,
cadmium telluride, and copper indium gallium sedersulfide.

“The demand for solar electric energy has growavierage 30% per annum over the
past 20 years through a rapidly declining of céstgproduction and price of this energy. This
decline in cost has been driven by economies of ufa@turing scale, manufacturing

technology improvements, and the increasing efiicyeof solar cells” [SBZ].



The growth rate of PV during 2011 reached almo$b,78n outstanding level among
all renewable technologies [EPI].

“Bulk crystalline silicon dominates the current péwoltaic market, in part due to the
standing of silicon in the integrated circuit marke particular, silicon's band gap is slightly
too low for an optimum solar cell and since siliasman indirect gap material, it has a low
absorption coefficient. While the low absorptionefficient can be overcome by light
trapping, silicon is also difficult to grow intoithsheets. However, silicon's abundance, and
its domination of the semiconductor manufacturinguistry has made it difficult for other
materials to compete” [PVE].

This work is based on crystalline silicon and mepecifically on monocrystalline
silicon. It explains the necessary processing stepsreate a solar cell from a crystalline
silicon substrate. These substrates called wafersthan slices of semiconductor material
formed of highly pure, nearly defect-free singlgstal material.

One process to form crystalline wafers is knownGz®chralski growth. In this
process, a cylindrical ingot of high purity monagtlline silicon is formed. The technique
uses a seed crystal which is pulled from a melé ifigot is then sliced with a wafer saw and
polished to form wafers. A silicon solar cell thatoptimum in terms of light trapping and
very good surface passivation is about 100 um tHRWE]. However, other thickness
between 200 and 500 pm are typically used, in fmarpractical issues such as making and
handling thin wafers, and partly for surface paason reasons.

Most of the used wafers in this work were about 2@0with a base doping varying
from 1-3W-cm. Wafers are cleaned with diluted acids to reenawwanted particles, or repair
damage caused during the sawing process [WIK]. Hneyfurther processed to become solar
cells.

Improving solar cell efficiencies while simultanebulowering the cost per solar cell
is an important challenging goal of the photovalta@Esearch and development. Possible ways
to achieve this goal are:

1. Novel methods for the purification of crystallingdicon or the use of cheaper
substrates.

2. Higher efficiencies using advanced processes, ®lgctive emitter structures.

3. Thinner wafers and higher power output using b#bsolar cell concepts.

Innovative solar cell concepts like IBC, Plasmorharced absorption, texturing,

tandem hybrid systems.



This work is based on the concept presented intpaimber 3 and it has moreover
used 1 and 2 concepts in different research stdgbsgan with the optimization of boron
diffusion, necessary process to create this tygefa€ial structure.

After several attempts of process sequences amdiagtion of most fabrication steps,
a final device was presented. It was published®itO2oy the author [CD2]. The device can be
produced with good reproducibility and reliability the results in a large quantity, within a
small range of satisfactory efficiencies for thentrside as well as for the rear side.

Once this goal was achieved, we have tried to Use auality material (Solar Grade
Silicon) to show the performance of this concept.

In a more advanced step we have developed thetigelemitter on boron diffusion
by means of laser doping. This new process wasestiahd published in 2009 by the author
[CD1].

An important challenge about this type of silicatas cells which is of special interest
was the way these devices are measured. The pagutiithe measurement problem is the
fact that the daily standard industrial measurensgystems influence the solar cell results.
From this experimental discovery a thorough stua@p wonducted, showing where and how
big the influence of the measurement system ilAti®n and guideline is proposed to avoid
mistakes when measuring bifacial solar cells ahérmight passing- through devices.

Selecting some of the finished bifacial solar celle constructed bifacial solar
modules, using different transparent front and ffedr sheets. Measurements using these
modules were performed in Italy and in the citykainstanz in southern Germany. Under
several variations of measurement conditions, tbdules have exceeded our expectations of
performance showing their maximum potential. Sonfiethe results have already been
published [CD1, CD2, CD3, CD4]; others are presgimethis work.

Finally, some applications of this type of photdaal devices are shown in an
illustrative manner to expand the imagination amagthow their potential within the current
PV market.



Chapter |

Bifacial Solar Cells, High Efficiency Design

1.1 History of Bifacial Solar Cells

It is difficult to write about bifacial solar cellsvithout mentioning the Spanish
professor Andres Cuevas. Even though he is nantlemtor of the device, he first accredited
an efficiency of 12.7% for a 4 crarea device. He has also worked many years wstlyrioup
in Spain in this field. While working in Australiae wrote a historical resume in 2005. He
included many types of bifacial solar cells [CUH].this section several paragraphs will be
taken from this article, as well as newer publmadi

In 1977, the first publications about bifacial satells appeared at the First European
Photovoltaic Solar Energy Conference. The devicad &n efficiency of 7% and it was
presented by two research groups from Mexico arainSp

Bifacial solar cells can be classified accordingh® number of their junctions [CUE]:

1.1.1 Bifacial double junction cells

Mori [MOI], a Japanese researcher has propose®&d® h bifacial solar cell with a
collecting pn junction on each surface of a silizeafer, thus forming a’pp" structure, as
shown in Fig. 1. His idea was to increase the cmior efficiency of silicon solar cells,
limited at the time by the diffusion length of miitg carriers. In that case, the second pn

junction at the rear side would improve the coltatefficiency for long-wavelength photons.

e n-type Si @

Fig. 1. n-type Si double junction bifacial solaflce



According to Cuevas [CUE], “Mori’s patent describg® possibility of producing
double-sided illumination by means of a verticad a horizontal mirror, in a dihedron
arrangement. At the same time, measurements af sella with a p-n junction on both sides
of a low resistivity Si wafer were being reportadRussia.

Many researchers have worked since on transidtersiolar cells, in most cases with
an ripn’ structure. In a display of craftsmanship, Hitaoksearchers [OH1] fabricated in
2000 transistor-structure cells with a 21.3% frand 19.8% rear efficiency.

If the rear junction is left in open-circuit, thewdce will operate like a back surface
field (BSF) solar cell, with the floating junctiohelping to reduce recombination at the

surface”.

1.1.2 Bifacial back surface field solar cells

They present a homopolar ‘ppr nn” junction on the opposite surface to where the
heteropolar pn junction is located (see Fig. 2)1970 lles [ILE] has published for the first
time that a drift field produced by a heavily dopedion reduced recombination at the back
surface and improvedoy

Also in 1970, in Russia the first BSF cell was adljua bifacial cell, which was
patented by Bordin et al [BO1]. Later, the firspeximental results were published together
with a theoretical explanation of the role of th8MBin suppressing surface recombination
[BO2].

Fig. 2: BSF bifacial solar cell

For this device type, a combination of boron andgporus diffusions had been used
to make BSF cells. Later in 1978 the importancewface passivation was demonstrated by

Fossum and Burges [FOS], increasing the efficiarurysiderably.



Most of this work is based on this type of cellsl &brication details will be shown in
this Chapter, numbers 1.3 and 1.4.

1.1.3 Bifacial cells with dielectric passivation

A conventional solar cell is composed of a n-typd a p-type region. If the full rear
metal is replaced by a grid and the inter-metalpace is passivated with a dielectric, it is
possible to make a bifacial cell, as shown in BigThis simple fp structure was proposed in
1977 by Chevalier and Chambouleyron [CHA, CHE].

Fig. 3: Bifacial single junction cell

The innovation of the device was that the rear hratede direct contact with the p-
type substrate on a restricted area, while mo#tefear surface was passivated, which is the
essential innovation attributed to the well knowBRZ (Passivated Emitter Rear Contact)
solar cell.

With the development of PECVD silicon nitride pasgion it was possible in 1987 to
make bifacial solar cells with efficiencies of 15%nd 13.2% under front and rear
illumination, respectively [JAE].

There was a newer approach in which both diffusign@nd n were made using
phosphorous and boron containing pastes [BUE]. Hewedhe needed temperatures to create
the diffusion overpassed 900°C and moreover theogemeity of the diffusion along the
surface was not satisfactory. Other approachesedaed to co-diffusions, in which one of
the diffusions was merged to the other to have only high temperature step [WAN].

This work was mainly developed on p-type substrdiesin some cases examples of
n-type substrates will be presented as well.



1.2 Monofacial vs. Bifacial

To understand the bifacial structure presentedisiwork (1.1.2 type) it is important
to know first the monofacial structure that pavieel way to bifacial ones.

A monofacial silicon solar cell was performed aCl¥onstanz according to the
following steps: the process started with a silisabstrate (wafer), p-type with a resistivity of
0.5-3Wem and about 200 um thickness, removal of saw daraag texturing it in a chemical
bath. The wafer then continued a cleaning stepvi@d by a consecutive phosphorous
diffusion. In this step, the prjunction was formed. The front side of the wafersvwpassivated
using silicon nitride, and the metal contacts wameen printed, on the front side using silver
metal paste and on the rear side using aluminunte péke metal paste was dried and finally
the wafer fired in a belt furnace. In this step thetal contacts were formed and the wafer
was transformed into a solar cell. In order to dw&hort circuit between the emitter and the
rear side metal contact of the solar cell, the ethgpdation was performed using laser
technology.

In Table 1 the steps for the monofacial vs. thed#l process are presented. The

details of the bifacial process will be explainedrenin detail.

Table 1: Comparison of steps between mono andibifpmcess for a p-type wafer.

Monofacial Bifacial

Saw damage removal and wafer ~ Saw damage removal and wafer
cleaning cleaning

- BBr;diffusion and in-situ oxidation
- SiG, / SiN, stack on the rear si
Texturization Front side etch back / Texturization

POCE emitter diffusion (60MV/sq) POC] emitter diffusion (60MN/sQ)

PECVD SiM ARC front side PECVD SiN ARC front sidt
Screen printing front side Screen printing frowlesi
Screen printing rear side Screen printing openceatact

Co-firing and Edge isolation Co-firing and Edgelaimn



Basically, two more steps are needed to transfonrmoaofacial cell process into a
bifacial cell process from a silicon substrate, thase steps are more complicated than the
standard steps.

In the following sections, an explanation of evetgp to manufacture bifacial solar
cell is presented in the way they were used. lughes the theory behind the process steps.

There are several alternative processing sequeeps, and using other technologies.

In some cases, these technologies will be namshddw the alternative processes.

1.2.1 Saw damage removal and wafer cleaning

Saw damage is created during the wafer sawing sfefhe bricks and must be
removed before the wafer processing starts. A isoludf Sodium hydroxide (NaOH) of about
20% concentration is heated up to 80°C and the miafetched in the solution during 5
minutes to remove about 4-6 um of silicon from eaate of the surface. Normally this
process takes place in a wet bench in a clean onmonment. The resulting surface has no
saw damage and it is polished.

The metallic impurities are further removed in logEn chloride (HCI) bath and then
the wafer is dipped in 2% concentrated hydrogenritle (HF) to make the wafer surface
hydrophobic. For phosphorous diffusion or othepstthis cleaning is sufficient but if the
next step is boron diffusion, an extra cleaning ste needed to prevent the oven from
contamination at high temperatures. It consista sblution of hydrogen peroxide {6;) and
sulfuric acid (HSQy) and it is called IMEC bath or piranha bath:

IMEC = H,0, +H,SQ, 1)

This bath creates an oxide that removes the imesritrom the surface. These
impurities are removed in a second HF dip, compiethe exhaustive cleaning. After this, the
wafer is taken out from the bath and dried in addien (N) air furnace at about 80°C during

15 minutes.



1.2.2 Boron diffusion and in-situ oxidation

Boron diffusion is the most decisive step in théasaell process to create the back
surface field, when working with p-type substraéesl to create the emitter when working
with n-type substrates. This needs to be explaime@tail, as follows:

The diffusivity of boron is much lower than that pfhosphorous. Higher diffusion
temperatures or longer processing times have @ppbed for the boron diffusion. Therefore
this process has to take place before the emiifeusibn, to avoid further diffusion of
phosphorous atoms. As both diffusions are carrigdiroan open tube furnace, the opposite
side of the wafer has to be protected to secugdessided diffusion or the diffused layer of
silicon has to be etched off on one of the sidesafrds [KRA].

“Diffusion describes in general the controlled smteof particles from regions of
higher concentration to regions of lower conceidratin the case of the semiconductors, it
creates the pn junction. The time dependence dfttitestical distribution in space is given by
the diffusion equation”: [WIK]

IN(x,t M2N(x,t
étLDYW;) )

“where N(xt) is the concentration of the diffused element akespective timet in a

respective positior and D is the diffusion coefficient. In general ® not constant, but

dependent on the material and the temperature” [WtkKan be described as follows:

_Ea

D =D, ®3)

“The valuedD, and the activation energl, are in this case constant and depend on
the material. When the differential equation (2$aved assuming a simple case of diffusion
with time t in one dimension (taken as tk@xis) from a boundary located at positigrF O,

where the surface concentration is maintained\atlaeN,, the diffusion profile is revealed

in the form” [WIK]:

N(x,t)= N, »erfc—— 4)

2./Dt



“where erfc is the complementary error function. The lengtfpt is called the diffusion

length and provides a measure of how far the cdration has propagated in thedirection
by diffusion in timet” [WIK].

As can be found in [WIK]: “the concept of diffusias related to that of mass transfer
driven by a concentration gradient. When carriges l@uncing around randomly, there are
more places for them at low carrier concentratigras than at high concentration areas. The
net movement of carriers is therefore from arealigii to low concentration. If we presume
random movement over time, the carriers will bec@wenly spread across the space through
random motion alone. Since raising the temperatulleincrease the thermal velocity of the
carriers, diffusion occurs faster at higher tempess”.

PV Education [PVE] explained: “one major effect diffusion is that, with time, it
evens out the carrier concentrations in a devigeh sas those induced by generation and
recombination, without an external force being aggpto the device”.

There exist many modes to deposit a precursor suarface; it can be deposited by
screen printing, roller printing, spin-on or spray coating, atmospheric pressure chemical
vapor deposition (APCVD), among others. Once thecywsor is on the surface, high
temperature is needed to step up diffusion; thislwa done for example in an in-line (belt)
furnace or a tube furnace. In our case, the usstémsyto produce the diffusion is the tube
furnace diffusion, the scheme shown in Fig. 4.

A gquartz boat is loaded with the wafers as showign 4, where the left side receives
first the gas flow once in the tube. To preventoimiogeneity of the diffusion on the wafer
surfaces, “dummies” wafers are placed in the begmof the boat, so the gas flow has more
space to smooth turbulences once it reaches theviita the wafers. The dummies are
usually not processed after completion of processbut they normally have the same
characteristics as standard wafers.

Turbulences are a problem in this process becabseg teposit the precursor
inhomogeneously as a larger amount of precursacésmulated in the corners of the wafers
than in the center, resulting in a less homogeneé@isbution. This effect can be seen with
naked eye before the boron glass silicate is reohéreen the wafers.

There are two main possibilities to load a wafeaiboat, every wafer in one slot or
two wafers in one slot, also called “back to badkhen one wafer occupies one slot, both
sides will be diffused in the oven, in a relativeiynilar way. If the wafers are diffused back
to back, the inner side will not be diffused asadhésider side as shown in the left side picture

in the Fig. 5. Nevertheless in the case of boroa,diffusion will penetrate into the inner side

1C



also, but in an uncontrollable inhomogeneous marbeing very strong in the contour of the

wafer, as can be seen in the picture, differenhftbe front side.

Fig. 4: Scheme of a boron tube furnace diffusioth picture of the boat with wafers loaded

Many experiments were performed to determine howyrdummies are adequate to
reach good diffusion homogeneity along the boatahdver the wafer surfaces. The results
are shown in the plot of Fig. 5: sheet resistaneerame over the whole surface vs. wafer
position along the boat (front and rear side, ramkito back diffusion). For this experiment, a
sheet resistivity of 65 /sq was pretended, revealing that at least five diesiare needed to
have a stable homogeneity along the boat. Foraakks the homogeneity distribution over the
wafers shows a standard deviation lower than 5%tdndard runs five to ten dummies were
used at the beginning of the boat and three atitkde

The term sheet resistance is used to characteifizseatl layers.R,, .., is defined as

the ratio of resistivity to sample thicknesB,,...= 7/d, whered is the thickness of the

sample. The carrier gas flow and temperature are important parameters affecting the

resulting sheet resistance.

11



The solubility limit of boron in silicon is 3.3 x0f° /cm® at 1100 °C and hence it can
achieve an active surface concentration as highxas®° /cn?® [GHA]. Therefore boron can
penetrate deep into the silicon to form thickerkoserface fields.

According to Kessler [KES]: “the BBibased open-tube furnace boron diffusion
process can be divided into two sequences: deposatnd drive-in. During deposition a gas
mixture that is initially at room temperature estdre heated furnace, where a batch of silicon
wafers is located. The gas mixture is composed g&ygén (Q), Nitrogen (N) and
Borontribromid (BBg). The N acts as a carrier gas for liquid BBrUpon entering the
furnace the gas mixture heats up and8rd Oxygen are reacting according to the following

chemical process [GHA]:

4BBr3(9) +3Q(9) 2B0;(l) +6Br(g) ®)

The liquid BOs; deposits on the silicon wafer surface. The chelhngzction with the

silicon surface produces Si@nd elemental boron according to reaction (6):

B,O;(I) +3Si(s) 4B(s)+3SiQ(s) (6)

Fig. 5. Left: picture of a back to back diffusedferafront and rear side.
Right: sheet resistance of a non back to back sldfuversus the position along the boat considering
the front (FS) and the rear side (RS).

12



As it was explained by Kessler [KES]: “the SifS partly dissolved in the liquid B,
resulting in a mixed-phase,B8s-SiO, system (BSG). Mainly during the second diffusion
sequence, drive-in, a temperature activated protesslemental boron diffuses according to
the boron concentration gradient into the silicoafev as well as into the BSG system”.
During this process a very high concentration abhbocan occur at the surface of the wafer
that transforms a surface layer of the silicon wafto a Si-B compound (the boron rich layer

(BRL)), according to the following reaction [PIN]:

Si+6B SiBg (7)

The compound Si-B and its composition were inveséid by various authors. They
suggested different compositions like $IBRA] or SiBs [DOM] but most literature [PIN,
ARA] suggested this compound being of S@mposition.

Due to the process of the diffusion, a layer withigh concentration of boron silicon
is created on the surface of the wafer. This layeralled “boron rich layer” or BRL and it
must be removed so the wafer can be hydropholiiecassary condition to continue the solar
cell process.

The recombination of minority charge carriers inlBR high. Recombination is a
negative factor which produces losses in the sm##r For this, it is important to remove the
BRL before continuing with the process.

The BRL layer is difficult to remove, even in satuts like HF or other acids. For this
reason, an in-situ oxidation step is included dyrine process after the boron deposition.
Table 2 shows one example for this diffusion precése mostly used within this work.

If this step is not performed, the BRL is almospossible to remove. This is one of
the main reasons why boron diffusion is consideredmplicated process.

The solubility of boron in silicon oxide is high#ran in silicon, so the boron on the
silicon diffuses into the silicon oxide. In this ythe concentration of boron will be reduced
and therefore the carrier concentration on thectlisarface is lowered. This direct surface is
oxidized.

After the sequence process of Table 2, BRL can dmaptetely removed after 5
minutes in HF, leading to a hydrophobic surface afidwing us to continue with the
processing steps.

When the oxidized BRL layer is removed with HF altophobic surface is obtained.
According to Reiche [REI]: “this surface has uniqueperties, i.e., has a good resistance to

chemical attacks and a low surface recombinatidocity, which means a surface with a very

13



low density of surface states. The etching of tideis assumed to be a 2-step process. First,
most of the oxide layer is rapidly dissolved in H&tming SiF62' ions in solution. During
the second step, anodic dissolution of the lastatayer of oxidized silicon $in+ with

n=1,2,3) occurs, resulting in a hydrogen-passivated saffac

Table 2: Boron diffusion steps

Process Step Approx. Time Te'?nppperrcg[ﬁre Involved gases
Stabilization 10 min 810 °C Ny, O,
Ramp up 15 min Increasing Ny, O,
Stabilization 10 min 950-1100 °C N,
Deposition 20 min 950-1100 °C N, O,, BBr;
Drive in 1 50 min 950-1100 °C N,
Oxidation 5 min 950-1100 °C 0O,
Drive in 2 10 min 950-1100 °C N,
Ramp down 30 min Decreasing N,

The surface concentration of the boron diffuseetay in the range of 1.5 x yen?®
and a good depth range would be between 0.2-0.4 Tion.measure the different
concentrations of the charge carriers in the baokaese field (or in the emitter),
electrochemical capacitance voltage (ECV) deptliilprg technique is performed. In Fig. 6
three different diffusion profiles are shown resgtfrom the boron diffusion procedure as
presented above. They were measured with ECV feettifferent deposition temperatures.

The challenge of a good diffusion is that it sholbédeasy to be passivated, but at the
same time it must be deep enough to have a goothatoformation in the region. These
factors are always a compromise. At the same tinseiiportant to consider the time needed
for the process, as well as the energy consumpirbich is related to the higher temperature
the process must reach. All these elements mustibm balance to create a stable process in
which the result is a homogeneous diffusion allrave wafer surface, and also along the

whole range of the positions in the diffusion oven.

14



Fig. 6: Three different boron diffusion profiles aseired by ECV technique.

In this work, many different parameters were testeckeate a more industrial process,
reducing the diffusion maximum temperature andcibraplete diffusion time; achieving very
good results in terms of homogeneity.

After the diffusion the boron silicate has to benowed to continue the processing of
the wafers. A HF solution is used where the wafersain during five minutes. After this
time, the surface of the wafers is completely hptiabic.

It is important to point out at this stage, thae thoron diffusion in p-type solar
substrates will create the back surface field @r rieide of the cell. A back surface field
consists of a higher doped region at the rear saréd the solar cell. “The interface between
the high and low doped regions behaves like a ymnotjon and an electric field forms at the
interface which introduces a barrier to minorityrga flow to the rear surface. The minority
carrier concentration is thus maintained at higbeels in the undoped region and the BSF
has a net effect of passivating the rear surfae¥’H].

In this type of devices there exists an indireaatdbution from long wavelengths
entering the device from the front side of the e which contribute to the current
generation at the rear side of the device, inclydire moving electrons into the bulk. In the

same way photons entering the device from thewdbdirectly contribute to this generation.
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Due to the high temperatures used in the boromgldh, this process is not suitable
for multicrystalline material. Thin wafers are dtfilt to handle and a large breakage rate is

observed after this process.

1.2.3 Silicon Oxide (SiQ) / Silicon Nitride (SiN) stack layer

The plasma enhanced chemical vapor deposited (PEGWiOon nitride (SiN) is
widely used to passivate the surface of crystalbiieon wafers. It has been shown by
Mihailetchi [MI1] that to passivate boron diffusedrfaces (p) it is more effective to use a
double layer composed by silicon dioxide $#&hd silicon nitride SiNsince it improves the
guantum efficiency of the final solar cells, ovéralthe range of wavelengths below 700 nm.

The SiQ layer is a thin film (approx. 15 nm) of silica grown the wafer surface via
thermal oxidation, with high chemical stability. @imal oxidation of silicon is usually
performed at a temperature between 800 and 12068Glting in so called High Temperature
Oxide layer (HTO) [WIK]. Ultra high purity steam cde used instead of,@ reach higher
growth rates at lower temperatures. In this casedalled wet oxidation. The reaction is the

following:

Si+2H,0® Si0, +2H,(g) )

“The oxidizing ambient may also contain severalcpat of hydrochloric acid (HCI).
The chlorine removes metal ions that may occui axide. Thermal oxide incorporates
silicon consumed from the substrate and oxygenlmgfrom the ambient. Thus, it grows
both down into the wafer and up out of it. For gvenit thickness of silicon consumed, 2.27
unit thicknesses of oxide will appear. Conversilg, bare silicon surface is oxidized, 44% of
the oxide thickness will lie below the original fage and 56% above it". [WIK]

The oxide layer is very thin, nevertheless it iSraportant element to better passivate
the p doped surface. It can improve the solar cell &fficy (once they are finished) up to 1%
absolute in comparison with similar cells processel¢ using PECVD SiNfor passivation.

The thermal wet oxidation process takes place iindustrial furnace, similar to the
diffusion furnaces. Many wafers can be processdtieasame time, using the quartz rack or

boat which enters the oxidation chamber from th#e sand the wafers are positioned
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vertically, the same as during the boron diffus{pig. 4). In this case, on both sides of the
wafers an oxide layer over the boron diffusionrisven.

“The main benefit of holding the wafers verticallg that it prevents dust
contamination, overall when they are stored out@efurnace. The uniformity of the grown
oxide could be improved by positioning the wafessizontally in specially designed furnaces
to prevent convection and temperature gradientstwailows a maximized uniformity of the
layer over the surface”. [WIK]

Before entering the oven, the wafers must be chbaiodowing the explained
sequence in Section 1.2.1 but NaOH is not usedtitms, because the wafers are already
polished. Starting from HCI, HF followed by piranbbeaning, the wafers are cleaned and
dried to be oxidized in the furnace.

After oxidation, the wafers look exactly the sarmsebafore. The color does not change
because the thin oxide layer is transparent. A #tage, both surfaces of the wafers are
covered with this thin oxide layer. The layer candasily removed in a solution of diluted HF
or by another removing method.

Once this delicate process is finished, the wadeestaken directly from the oven to
the PECVD machine to create on top of the oxideSiN layer leading to the characteristic
blue color of the crystalline silicon solar celis.a standard cell process, after Sd¢position
the substrates are ready to be printed, but incase this stage marks the completion of the
rear side of the device to be further processed.

In our case, the stack layer oxide-gBérves as passivation and anti reflection coating
for the boron diffused surface but also protecte tear side of the device against
contamination when processing the front side ofdbeice. Since there are several coming
steps where the SiNayer may be deglazed due to HF procedure, a stadyperformed to
determine the best thickness of this layer solitr@main blue after finishing the cell process.

The SiN, process allows us to create a one side layer @mrdritrol the thickness of
the layer according to our requirements. The detafilthe SiN layer composition will be

explained in section 1.2.6.

1.2.4 Etch back front side and Texturization

On top of the rear side of the device there isiektlayer of SiN. of about 200 nm.

The color is not blue, nevertheless is homogenewesthe whole wafer surface. It passivates
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and protects the boron diffusion beneath. On thwetfside of the device there is a thin layer of
silicon oxide covering the boron diffused layer.e$b two layers must be removed before
continuing to the next diffusion step because atfrdiffused-free surface is necessary,
otherwise the phosphorous dopants coming in thé step can not penetrate to diffuse into

silicon and form the emitter of the cell.

Fig. 7: Cross section of the substrate before &ed etch back and texturization (not to scale).

To etch back the front side of the substrate, ilieor oxide layer is first removed in a
HF solution during approximately 2 minutes. Afthisttime all the oxide is removed, not the
boron diffusion.

The thickness of the boron dopants is approximatelymn, as can be extracted from
Fig. 6. To make sure all the boron diffusion isagdéied from the substrate surface, approx. 10
pm of the surface is removed. During 10 minute20% NaOH solution heated at 80 °C is
used to remove the boron, not affecting the rader of the device, protected by silicon nitride
(which is not removed in NaOH solution). In a semitase (see section 1.2.1) the resulting
surface is polished silicon. The substrates ane thady to be texturized.

The texturization of silicon surfaces can remarkakdduce the surface reflectance to
achieve high conversion efficiency. For monocrystal silicon solar cells, an un-isotropic
etch is used to form a pyramidal structure that ttap the light inside the cells by internal
reflection. The etchant is the heated (approx. J&uWlution mixture of potassium hydroxide
(KOH, approx. 2% concentration) with water and remyl alcohol (IPA, approx. 4%
concentration). “In those etch solutions; IPA catphnot only to remove hydrogen bubbles
but also to promote the formation of big pyramifiBHE]. This texturization takes place in a

wet bench where the wafers are completely submergbdnks to the PECVD layer
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protecting the rear side of the device, the texation takes place only on the front side of the
structure.

The used texturization acts very effectively forO@L crystal silicon surface
orientation. It can reduce the reflection of thefate from about ~30% to below 10%. There
exists some other texturization techniques such nachanical abrasion, masking,
photolithography, Remote Plasma Source (RPS) &eactive lon Etching (RIE) among

others which are more effective in other appliaagio

1.2.5 Phosphorus diffusion

After texturization, the wafers remain in the weinbh to be cleaned. This cleaning
step includes HCI and HF dip only because the noatalamination is not dramatic as in the
case of boron diffusion. The wafers are dried avatiéd in the quartz boat, fed into the
diffusion furnace in a similar process as for bodiffusion. For p-type substrates, the n-type
emitter is diffused using phosphoryl chloride (P€CIThe maximum temperature in this
process reaches about 850°C and the time is ngristadirter than for boron diffusion, taking
only one and a half hour; an important factor Isattphosphorous diffusion is a more
industrial process than boron diffusion.

In addition to the liquid phosphoryl chloride (PQCIhitrogen (N) and oxygen (@
are used. The carrier gas N allowed to pass through a bubbler containingcB@t room
temperature. This carrier gas transports the RQ&por into the diffusion furnace and
phosphorus pentoxide {Bs) is formed on the wafer surface, which acts adfasion source
for the subsequent phosphorous diffused into tiwori wafers. The reaction is described in

the following equation:

4POCI, +5Si® 2P,0, +6Cl, 9)

According to Sze [SZE]: “the chlorine created attee chemical reaction serves as a
gettering agent. During the process phosphorousatgl glass is formed that has to be
removed later on, using weak chemical solutions”.

It is important to point out that at this stageg tistandard diffusion recipe” changes
according to the market possibilities and discaseriFor example when this study started in

2008, the alleged value for this diffusion was BbMWsq because it was a good balance
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between surface recombination and good metal gasticting. Today with the development
of passivation layers and the overall progresfiégnmetal pastes development it is possible to
use a 70 or 80sq “standard diffusion” since it leads to bettesults than the previously
mentioned parameters. This is nevertheless, aerafer value in our process and not an
extensive part of this study since it is focusedtimer aspects than on phosphorous diffusion.
As it was explained by Jones [JON]: “The diffuspvitf phosphorous is explained as a
vacancy dominated diffusion. It exhibits three idist regions of behavior, as can be seen in

Fig. 8.

Fig. 8: Phosphorus diffusion profile and vacancydeidJON].

In the phosphorus profile illustrated in Fig. 8erregions can be distinguished: the
high concentration region where the total phosphem@oncentration exceeds the free carrier
concentration, a kink in the profile and a tailioggof enhanced diffusivity”.

The intrinsic diffusivity of phosphorus is given fyAl]:

D, = 385e *Phr cn?/s (10)
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Boron diffusion mechanism has been explained ireisd\theories and it is mostly
described as a self-interstitial by a vacancy meisina under no-oxidizing conditions. The
nature of boron and phosphorus diffusions is net $ame and this can be seen in their
diffusion profiles.

While the phosphorus diffusion can lead to a getteeffect when working with p-
type substrates, the boron diffusion may be resptenfor degradation of the carrier lifetime
in the bulk. Nevertheless, it even improves thé loesistivity for n-type substrates [MI2].

After this diffusion, phosphorus glass silicatéasmed which must be removed before
being passivated. A HF dip of about 2 min is sugfit to achieve this goal.

1.2.6 Anti reflection coating silicon nitride SiNront side

The anti reflection (AR) coating consists of a RlasEnhanced Chemical Vapor
Deposition (PECVD) SiNH layer. Its role is not limited to AR functionubit provides
surface and bulk passivation as well. The bulk ipaten is achieved by the release of
hydrogen from the Sij\H film during the sintering of the metal contacés.standard Si
layer thickness can vary from 70 to 75 nm with faa@ing index of about ~2, leading to the
characteristic blue color of crystalline siliconaocells [ARU]. In a previous point (section
1.2.3) a thicker layer was needed, because itbeilfemoved after the HF baths necessary to
clean the wafers for further processing.

The 70-75 nm thickness of the SiN provides minimum reflection at around 600-650
nm, corresponding to the maximum spectral emissfdine sun between 400-700 nm where
most of this radiation is being absorbed by thearsgkll surface. This is required by the
matching law. A quarter wavelength antireflectimating, a transparent coating of thickness

d, and refractive index,, such that

d, =-% (11)

will, ideally, cancel the light reflected from thiep surface by interference effects from the
light reflected at the coating-semiconductor irdee [WIK].
At this stage the silicon substrates have a bller om both sides, but the front side is

distinguishable because it looks a bit darker duth¢ texturization which makes the surface
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less reflecting. The rear side is polished becauwsmg the fabrication, it is very difficult to
create a texturization on both sides. We have pedethe front side, since it will receive
most of the solar radiation. Furthermore it is afsirumental for the conversion of light into
electricity by the generation of charge carriersFig. 9 examples of two wafers are shown.
One was polished and the other textured. The medgseflectance is compared, before and

after SiN, deposition.

Fig. 9: Measured reflection of two wafers with di#nt etching techniques and compared before and

after silicon nitride deposition.

1.2.7 Screen printing

According to PV Education [PVE]: “Photons incidemt the surface of the structure
will be either reflected from the top surface, abgd in the material or transmitted through
the material, having a second possibility to rethehback surface field or simply leaving the
device [MAR]. When they are absorbed, the energhefphotons must be equal to or greater
than the band gap of the material. Absorbed photxtite electrons into the conduction
band, creating an electron-hole pair. The movimgtebns can not generate a current, electric

contacts are needed to feed it into an externaliitifor load)”.
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The metal contacts for our solar cells are madeguscreen printing and consecutive
firing. There exist some other techniques to creametal contacts like roller-printing
technique, ink-jet printing, evaporation or platiaghong others, but in this work, screen
printing technique was the only one used for tbetfand rear sides.

As can be found in Wikipedia [WIK]: “screen pringins a technique that uses a
woven mesh to support an ink-blocking stencil. Hiached stencil forms open areas of a
mesh, that transfers ink or other printable malerdnich can be pressed through the mesh as
a sharp-edged image onto a substrate. A squeegeaviesd across the screen stencil, forcing
or pumping ink past the threads of the woven meghe open areas.

Screen printing is also a stencil method of primtkimg in which a design is imposed
on a screen of silk or other fine mesh, with bleaareas coated with an impermeable
substance, and ink is forced through the mesh tharinting surface. It is also known as

silkscreen, serigraphy, and serigraph printing”.
1.2.7.1Front side

The front side of the structures is printed witlvesi, the same material and grid
pattern as the one used for standard (monofacdy ells. This is because the bifacial
structure we present in this work uses the frote sif a p-type solar cell and it only changes
the rear side to have more chances to capturetefliéight coming from the bottom.

There are several supplier companies who proviblersmetal paste for solar cell
technology but the composition of these pastesnisaisimplified way, silver powder,
additives, glass frites, solvent and resin in aipemixture.

As explained by PV Education [PVE]: “the desigrtiud top contact involves not only
the minimization of the finger and busbar resiséaniout the overall reduction of losses
associated with the top contact. These includestiesilosses in the emitter, resistive losses in
the metal top contact and shading losses. Thealrfieatures of the top contact design which
determine these losses are: the finger and bugaaing, the metal height-to-width aspect
ratio, the minimum metal line width and the resisyi of the metal”.

A standard screen printed finger is about 20 prhaight and 90-140 um in width.
The amount of paste on 125x125 Mmsubstrates should be about 110 mg in order to
guarantee low series resistances and thereforefgbfattors. The screen printed fingers and

busbars cover about 7-8% of the active area cas$iading losses.
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Several concepts like buried contact solar cellmetal wrap through cells and others
can reduce the shading losses due to the metadlizat the front side but they imply other

more cost effective processes and they will nahbkided in this review.

1.2.7.2Rear side

For the rear contact of a monofacial solar celmahum paste is used, covering most
of the rear side of the wafer surface in a homogesenanner. The thickness of this layer is
about 15 pm and the amount of used paste is alfiutr@. In this type of devices the rear
electrode formation and surface passivation areeaet by a convenient single step alloying
screen printed aluminium paste with silicon. Alumm forms a eutectic alloy with silicon at
a temperature of 577 °C. During the firing procgsse section 1.2.8), a liquid Al-Si phase is
formed and the molten Al-Si region acts as a sorkniany impurities leading to a gettering
effect. “During cool down, the silicon recrystaéiz and is doped with aluminium at its
solubility limit creating a p back surface field layer, the depth of the BSErisund 6 um”
[MAR]. The resulting rear surface is completely emed with aluminum and no light can
enter from this side. In a further step, thesescate encapsulated in modules using a white
back foil.

In contrast to the monofacial design, the main ainthis work is the collection of
light from the front and from the rear side of gwar cell, in a late stage solar module. For
this reason no aluminum paste must cover the rdara$ the device, but an “H” grid pattern
is used in a similar configuration as for the freiue.

To contact the pdoped rear part of the device, which exhibits weldilicon nitride-
silicon oxide stack layer on the surface, it is @ssary to use another metal paste than
aluminum because it can not penetrate throughilicersnitride passivation.

According to Seyedmohammadi et al. [SEY]: “in gexhecontact resistance between
pure silver paste and mloped Si is not satisfactory but it can be dee@dsy adding a
controlled amount of aluminum to the paste compwsit “However one must be careful
with diffusion depth of aluminum, since excessivmoants may lead to aggressive
penetration of the paste through the cell which ksult in increasing leakage currents or
shunting the solar cell” [KER].

A candidate from the commercial available pasted tlives a sharp print, good

contact resistance td pack surface field is a mixture of silver-alumin@fg/Al) paste.

24



In a similar mode to the front side, the rear s&printed obtaining a finger of about
20 um in height and 80-120 um wide. The amountasftg on 125x125 misubstrates is
about 100 mg. The screen printed fingers and bastarer about 7-8% of the active area
causing shading losses, same value as for the &iolet of the device. That means the

fabricated device is symmetric front and rear siderms of the grid pattern (see Fig. 10).

Fig. 10: Picture of a finished bifacial solar aglth a mirror on the back to observe

the grid pattern on both sides.

When one side of the structure is printed, thesagdl to a drier furnace during about
20 minutes at 200 °C to dry the metal paste. Uguh# front side is printed, the metal paste
is dried and next the rear side is printed andddrie

Even though the metal paste for the rear side hdsferent composition than the
standard aluminum metal paste, the prices aredrséime range and since both are used in
industry, they can be found with no difficulties.

At this point the metal contacts have not formed pet to form the contacts, high

temperature is needed in a process called co-fiexpglained in the next section (1.2.8).
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1.2.8 Co-firing and edges isolation

During the firing process the glass particles ia #ilver paste on the front side and
those in the mixed silver-aluminum paste on the s&de enable the penetration of the paste
through the silicon nitride layers to form contaatshe silicon surfaces.

According to Lin et al. [LIN]: “the optimum firingprofile should feature low contact
(series) resistance and high fill factor (FF). Aythiseries resistance of a solar cell usually
lowers the output power by decreasing the filldacsome of the characteristic parameters of
a solar cell. The total series resistance is thm efithe rear metal contact resistance, the
emitter sheet resistance, the substrate resistaéimeefront contact resistance, and the grid
resistances.

Despite the success of the screen printing andstisequent firing process, many
aspects of the physics of the contact formation raoe fully clear. The major reason is
probably because the metal-silicon interface faeee printed fingers is non-uniform in
structure and composition”.

Many mechanisms have been proposed to explain loomact formation may occur.
The general understanding of the mechanisms abegelte glass frits play a critical role on
contact formation. Silver and silicon are dissolwedhe glass frit upon firing. According to
Schubert et al. [SCH] when cooled, Ag particlesystallize. It has been suggested by Ballif
et al. [BAL] that Ag crystallites serve as currgitkup points and that conduction from the
Ag crystallites to the bulk of the Ag grid takesg via tunneling. It was further suggested
that lead oxide may be reduced by the silicon. Jéxeerated lead then alloys with the silver
and silver contact crystallites are formed from ligeid Ag-Pb phase [SCH]. Nevertheless,
due to the complex and non-uniform features of dbetact interface, more evidence and
further microstructure investigation is still nedde

At this point to finish the solar cell process, edsplation has to be performed in order
to avoid the short circuit between the emitter #relback contact of the cell. In a monofacial
process this step can be done right after the enditfusion and in this case, wet chemical
treatment is used.

One of the most successful edge isolation procdsskser scribing. It is perfectly
suitable for inline processing and the wafer remaimtouched, which is an important

requirement for the handling of thin wafers.
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Other possible techniques to perform edge isolai@n wet chemical etching, plasma
etching, dicing saw or sand paper. A detailed rejpoiuding most of the relevant techniques
to isolate the edges is presented by Hauser g1AaU].

Here we presented the last step to fabricate hifgolar cells. The schematic structure
is presented in Fig. 11, in comparison to the steshchonofacial solar cell.

Fig. 11: Schematic comparison for monofacial ariddial solar cells.

When these cells are based on an n-type substrstead of a p-type substrate, the
sequence process can be maintained but in thattbasemitter (front side) would be the
boron diffused surface {pand the back surface field would be phosphorai)s (

Several changes in the processing steps have les&rdte. g., starting with the
phosphorus diffusion instead of the boron diffusitaxturing the rear side and etching the
front, among others. The best results were obtaivittdthe process presented in this section.

With the development of the new metal pastes, dsagdehe optimization of most of
the solar cell processes it is possible to incréasdoday performance up to 0.5% absolute in
efficiency but this value is close to the maximuaiue for this substrate and structure type.
For a further performance increase it is compulsomnove the front contacts to the rear side
of the cell and create multi junctions to colleavviger range of wavelengths. Unfortunately,

in that case it would not be possible to have amsgiric front to rear side performance.
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1.3 Solar Cell Results

Before presenting the solar cell results obtaineding this investigation it is

necessary to introduce the most important parasieteich characterize the solar cell.

1.3.1 Most relevant parameters

As can be found in PV Education [PVE]: “standardizesting allows the comparison
of efficiency and other cell parameters of devioenufactured at different companies and
laboratories with different technologies”.

The standard test conditions (STC) are:

Air mass 1.5 spectrum (AML1.5) for terrestrial cedisd Air Mass 0 (AMO) for space

cells

Intensity of 100 mW/cr(1 kW/nf, one-sun of illumination)

Cell temperature of 25 °C (not 300 K)

Four point probe to remove the effect of probe/ceiitact resistance

According to Wikipedia [WIK]: “the air mass 1.5 (AM5G) spectrum corresponds to
the irradiance and spectrum of sunlight incidentaoclear day upon a sun-facing 37°-tilted
surface with the sun at an angle of 41.81° abosétrizon.

A solar cell's energy conversion efficiencli”“is the percentage of incident light
energy that actually ends up as electric powers Ehcalculated at the maximum power point,
P, divided by the input light irradiance (E, in Winunder STC and the surface area of the
solar cell (A in m?)".

P
=~ 12)

h =

The absolute maximum theoretically possible conwar®fficiency for sunlight is
93% due to the Carnot limit, given the temperatifréhe photons emitted by the surface of
the sun [HEN].

“A solar cell may operate over a wide range of ag#ts (V) and currents (I). By
increasing the resistive load on an irradiated cafitinuously from zero (a short circuit) to a

very high value (an open circuit) one can deterntimemaximum-power point, the point that
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maximizes VxI; that is, the load for which the aedin deliver maximum electrical power (at
that level of irradiation). The output power is@en both the short circuit and open circuit
mode. The maximum power point of a photovoltaid gakies with incident illumination”
[WIK].

As explained by PV Education [PVE]: “the IV curveaosolar cell is the superposition
of the IV curve of the solar cell diode in the davith the light-generated current. The light
has the effect of shifting the IV curve down inteetfourth quadrant where power can be
extracted from the diode (see Fig. 12). lllumingtancell adds to the normal "dark™ currents

in the diode so that the diode law becomes:

qVv
=1, exp—— -1-1 13
o &XP 5 L (13)

where| is the light generated current”.

Fig. 12: The effect of light on the current-voltagferacteristics of a p-junction.

The two limiting parameters used to characterizeaihtput of solar cells are the short

circuit current (49 which is the current at zero voltage, in ideatditions | ., =1, (directly

proportional to the available sunlight) and the ropercuit voltage (M. which is the
maximum voltage at zero current [S&Q]. This valoereases logarithmically with increased
sunlight. Atl =0:

=——1In I—L+1 (14)
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For each point on the |-V curve, the product of ¢hierent and voltage represents the
power output for that operating condition. A sotzell can also be characterized by its
maximum power point, when the prodit,,” 1, is at its maximum value [WEN].

“Another defining term in the overall behavior ofsalar cell is the fill factor (FF).

This is the ratio of the available power at the mmam power point (R) divided by the open

circuit voltage () and the short circuit currentd

P _h>AE
VOCXISC

(15)

The fill factor is directly affected by the valued the cell's series and shunt
resistances” [WIK]. Increasing the shunt resistafiRg) and decreasing the series resistance
(Rs) lead to a higher fill factor, thus resulting inegter efficiency, and bringing the cell's
output power closer to its theoretical maximum [NIEEL

Another important method to characterize the perforce of the solar cells is spectral
response. The spectral response is conceptuallyasitm the quantum efficiency [PVE].
“Quantum efficiency (QE) is the ratio of the numloércharge carriers collected by the solar

cell to the number of photons of a given energyisigi on the solar cell. This leads to:
_q/
SR=—"—QE (16)
hxc

QE therefore relates to the response of a solatadhe various wavelengths in the
spectrum of light shining on the cell. The QE isegi as a function of either wavelength or
energy. If all the photons of a certain wavelengte absorbed and we collect the resulting
minority carriers, then the QE at that particulavelength has a value of one. The QE for
photons with energy below the bandgap is zero.

Two types of quantum efficiency of a solar cell aften considered:

External Quantum Efficiency (EQE) is the ratio detnumber of charge carriers

collected by the solar cell to the number of phetoha given energy shining on the

solar cell from outside (incident photons).

Internal Quantum Efficiency (IQE) is the ratio diet number of charge carriers

collected by the solar cell to the number of phetoha given energy that penetrate

into the solar cell from outside and are absorhethé cell.
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The IQE is always larger than the EQE. A low IQHBigates that the active layer of
the solar cell is unable to make good use of thetgis. To measure the IQE, one first
measures the EQE of the solar device, then meadsréiansmission and reflection, and
combines these data to infer the IQE” [WIK].

According to PV Education [PVE]: “the ideal spettrasponse is limited at long
wavelengths by the inability of the semiconductoabsorb photons with energies below the
band gap. This limit is the same as that encoudtereuantum efficiency curves. However,
unlike the square shape of QE curves, the speotsgionse decreases at small photon
wavelengths. At these wavelengths, each photoraHasge energy, and hence the ratio of
photons to power is reduced. Any energy above Hrallgap energy is not utilized by the
solar cell and instead causes heating of the Takk inability to fully utilize the incident
energy at high energies and the inability to absmrbenergies of light represent a significant

power loss in solar cells consisting of a single jpnction”.

1.3.2 Solar cell losses

The losses in a solar cell will reduce its effidgnThe main contributions are optical
losses due to reflection, recombination lossesstres and thermal losses.

“Optical losses chiefly affect the power from aasatell by lowering the short-circuit
current. Optical losses consist of light which ebbbve generated an electron-hole pair, but
does not, because the light is reflected from toetfsurface, or because it is not absorbed in
the solar cell. For the most common semicondudaitar ells, the entire visible spectrum has
enough energy to create electron-hole pairs ancfitre all visible light would ideally be
absorbed [PVE].”

When the light is switched off, the system muatmeto a state of equilibrium and the
electron-hole pairs generated by the light musappear. With no external source of energy,
the electrons and holes wander around until thegtrae and recombine. Any defects or
impurities within or at the surface of the semicactdr promote recombination [WEN].

“Recombination can occur via several mechanisms:

Radiative recombination: the reverse of absorptielectrons in a high energy state

return to a lower energy state, with the releadegbf energy.

Auger recombination: an electron recombining withode gives up the excess energy

to another electron, which then relaxes back toortginal energy state, releasing
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phonons. This recombination is particularly effeetiin relatively highly-doped

material, becoming the dominant process when impleivels largely exceed 10

cm®,

Recombination through traps (also called ShocklegeRHall recombination): can

occur when impurities in the semiconductor or iféee traps at the surfaces give rise

to allowed energy levels in the otherwise forbidaerergy gap. Electrons can thus

recombine with holes in a two-stage process, fektxing to the defect energy level,

then to the valence band.

Solar cells generally have a parasitic series Gndtsresistance associated with them,
both types act to reduce the fill-factor. The ma&jontributors to the series resistanét ) are

the bulk resistance of the semiconductor matettial,metallic contacts and interconnections,
carrier transport through the top diffused layerd @ontact resistance between the metallic

contacts and the semiconductor. The shunt resist@Rg) is due to p-n junction non-

idealities and impurities near the junction, whicause partial shorting of the junction,
particularly near cell edges” [WEN].

“Solar cells operate as quantum energy conversasmicds, and are therefore subject
to the "thermodynamic efficiency limit". Photonstiwienergy below the band gap of the
absorber material cannot generate a hole-electongnd so their energy is not converted to
useful output and only generates heat if absorbed.photons with energy above the band
gap energy, only a fraction of the energy abovelthed gap can be converted to useful
output. When a photon of greater energy is absothedexcess energy above the band gap is
converted to kinetic energy of the carrier comboratThe excess kinetic energy is converted
to heat through phonon interactions as the kiratiergy of the carriers slows to equilibrium
velocity [WIK].” Table 3 presents a summary of #tlese losses, including the affected

parameters.

Table 3: Types of losses and the affected parameter

Loss mechanism Affected parameter
Optical losses lsc
Recombination losses oV lsc
Resistive losses FF
Thermal losses M FF
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“The busbars and fingers are the source of a yadktosses; these include shading

losses, resistive losses and contact resistanses¢BVE].”

1.3.3 Initial I-V results over a batch of 50 solar cells

In the beginning of this investigation in 2008 westly worked in the optimization of
the boron diffusion processing step. This stepéskey to create the BSF. It can be performed
before or after the emitter formation dependinghlenchosen sequence steps.

Once a very small deviation in the homogeneityhef boron diffusion on the wafers
surfaces was achieved, solar cells were manufattéobowing a similar sequence as
presented by Kopecek [KO1]. This was the startinmpfor several optimization steps and
setup adjustments. The processed substrates weue 2 >cm resistivity, 125x125 mr?np—
type Cz-Si with a thickness of about 200 um. Theiminary averaged results are presented
in Table 4.

Table 4: Results of bifacial solar cells from adhatf fifty cells.

FF Jsc Voc ratio
[%]  [mAlcm2]  [mV] [%0] [%]

Front side 74.1 34.4 598.5 15.3
Rear side 76.3 21.9 591.1 9.9

The deviation results were in the order of 10%,ifg\wa large inhomogeneity in
efficiencies. The improvement of the cells homoggnaever a defined batch was a first aim.
This goal was achieved after we gained some expazian the processing techniques such as
cleaning of the substrates, Sitleposition, among others.

These first results showed that predominantly ¢ae side presented a large possibility
for improvements, overall in the short circuit @nt. If we consider the Table 3¢ decreases
mainly due to optical and recombination losses.s€hesults indicated another optimization
step: passivation of the gurface. For the front side improvement we werstigdnterested

in the contact formation optimization.
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However, during this work most processing stepsevilmproved for the front and rear
side. The steps order was adjusted to obtain teerbsults in terms of solar cell results and

production (time and consumption).

1.3.4 |-V results after sequence and steps optimization

Following the process sequence described in sett@®nsubstrates of abo@i:cm
resistivity, 125x125 mmp-type Cz-Si with a thickness of about 200 pm werecessed.
Table 5 summarizes the IV data for front and réamination as well as the ratio for front-
rear performance.

The maximum efficiencies obtained with this process 17.3% for front side and
15% for rear side illumination under STC. The rddeiween front and rear side performance
is over 80% for all solar cells.

It is important to consider that these results watained in the year 2010 and after
this good performance the investigation approachnghd, using the cells to fabricate
modules and study other relevant matters [CD2]. élew, several improvements were
revealed in parallel, e. g. for diffusions, for etter passivation of the surfaces, and for metal
contacting. For this, we assume these efficiensiesild be at least 0.5% absolute higher if
we make the use of the actual process parametersmaterials (e. g. metal pastes and
diffusion profiles).

Table 5: Results of bifacial solar after sequemzksieps optimization.

FF Jsc Voc ratio
%]  [mA/cm2]  [mV] [%] (%]

Best Cell

Front side 76.3 36.8 616.8 17.3
Rear side 74.8 32.7 610.5 15.0 8
Batch Average

Front side 75.8 354 610.7 16.4
Rear side 76.0 29.9 604.7 13.7 o4
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N-type substrates were also included in this b&dgbrocess them to solar cells, using
the same process. The best cell results were 1mi%e front side and 11.9% for the rear
side.

When the ratio front to rear is equal to 1 (or 100%e benefits are not just an
increased collection from the rear side, but &lso possible to further interconnect the cells
in a more compact mode [KO2] by placing one celth® front side, the next one to the rear
side, the following to the front and so on. In th&se, the interconnecting wires are shorter
(saving material) and the packing density can lpgdri than for monofacial modules (higher

power output per area).

1.3.5 Rear side changes experiment

This section was published by the author in 20&@ feference [CD2]).

Spectral response measurements of the processaciabitolar cells showed the
intended improved behavior for long wavelengths parad to the performance of a solar cell
with closed Aluminum back surface field (Al-BSF)t the same time, these measurements
revealed a remarkable relative loss for the sh@telength response of the same bifacial
devices and suggested unintended process relateabes.

To analyze the reason for this effect, differeepstof the process described in section
1.2 were separately varied or skipped.

Remarkably, there was no major improvement obserwvedhe blue response
corresponding to the front side properties of theick when changing the process steps, but
only on the rear side. Fig. 13 shows the detailshee variations. While the graph in the
center presents the curves for the whole spectriiieo different devices, the amplified
diagram concentrates on the region with variatiartee section above 700 nm.

All additional high temperature steps comparedrntdA&BSF solar cell process were
investigated. First, the thermal oxidation of thibstrates was eliminated. The missing,SiO
passivation of the B doped rear side reduced thg Wwavelength response significantly as
SiN, alone has no passivation effect forspirfaces. The decrease is shown in the red caorve i
Fig. 13.

The second modification was a prolonged phosphomiffsision time at lower

temperature, intending to take advantage of theongul gettering due to this change in the
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process. In this case, there was no major influeiserved neither in the rear, nor in the
front side as represented in Fig. 13 by the greangles.

Finally placing the wafers in a back-to-back pasitiduring the boron diffusion and
afterwards also during the phosphorous diffusios vested, to reduce cross contaminations
of the opposite sides of the substrates duringliffiesion steps. The results, shown in Fig. 13
with blue diamonds, are comparable with the vathes are obtained with the initial bifacial
BSF process described in chapter 2.1 (black cirgieBig. 13), observing no significant

differences.

Fig. 13: Spectral response for the process vanstigthin the bifacial process sequence: conveation
bifacial processing, no oxide for stack layer passon, longer POGlfor gettering
and back-to-back loading during both diffusiongste

A second experiment was performed focused onittad etallization step with the
interest of discovering the effect of the missinlyAinum alloying process during the co

firing on the bifacial solar cell spectral propesti
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Two groups of cells were processed in the form shmwable 6, obtaining in the first

group (left side) bifacial solar cells with boroiSB.

Table 6: Process variation for the two groups peréa: bifacial solar cells

with boron BSF and full screen printed cells withrdn under aluminum.

Bifacial solar cells with Full screen printed cells with

boron BSF boron under aluminum

Saw damage removal and wafer cleaning
BBrsdiffusion and il-situ oxidatiot
SiO, / SiN, stack on the rear side
Front side etch back / Texturization
POCE emitter diffusion (60M/sq)

PECVD SiN,ARC front side Double layer of PECVD SiMRC
front side

- Removal of rear side passivat
Screen printing front side
Screen printing open rear contact Screen printiigduminum

Co-firing and Edge isolation

The right side group leads to conventionally megai solar cells with a thin boron
doped region under the printed aluminum on the s before the co-firing process. During
the Al-Si eutectic formation this region will be ropletely dissolved in the alloys as its
thickness is one order of magnitude thinner thanfihal Al-BSF. Nevertheless these solar
cells will have gone through all the high temperatand cleaning steps as those with the B-
BSF and thereby will give a picture of the effetthe bifacial process for these solar cells.

The spectral response characterization for thesegtaups of cells is presented in the
internal quantum efficiency plot in Fig. 14. Thddgial solar cell (black circles) exhibits an
improved response for long wavelengths, startiogyf®50 nm, but there are still major losses

on the front side of the device, below 550 nm asaaly observed in the first experiment.
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On the other hand, the group with boron plus alumiron the rear side surprisingly
exhibited an improved behavior for short wavelesgtbmpared to the solar cells with open
rear contact. This is even more remarkable, agttiesices were subject to the same process
steps (especially on the front side) as was dometHe bifacial solar cells. A possible
explanation for this finding could be a positiveflience of the Al on the rear for the
hydrogenation of the front side of the substrateisafig from the SilN during the firing
process but so far cannot be explained properly.

The rear side shows an inferior performance asa&gefor a fully covered Al rear
side. The goal for future devices of course isdmbine the two different positive tendencies

in one device leading to a much better performiifecial solar cell.

Fig. 14: Spectral response for the two groupschifacells with boron BSF and standard full

aluminum rear side printing with boron under aluamm

[-V measurements were also included in the chaniaeteon for all these experiments
described above and are summarized in Table 7lifthesse groups. Front side illumination
under STC and maximum values for each group arsepted.

All processes present similar maximum efficiencies;ept the group with no oxide
stack rear passivation and this is because thdyhdgped boron surface is not effectively

passivated using Sjnly.
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Apart from this case, it is convenient to obsetve differences in Y. for the rest of
these groups. The higher result in this case iseesgmted by the group with full Aluminum
rear side, but is compensated by a loweradd FF. The other groups of bifacial cells have
similar Vo of about 613 mV and they show better performanith vespect to s and FF.
This demonstrates again that they compensate etwdr, s explained in the spectral

response analysis.

Table 7: |-V results for the different groups.

FF Jsc Voc

Cell Group [%] [mAlcm2] [mV] [%]

Bifacial cell with

boron BSI 77.6 36.0 613.0 17.1

Rear side boron plus

. 76.4 35.9 6249 17.1
aluminum

No oxide stack rear

passivation 77.6 34.8 602.2 16.2

Longer PO

e O 78.3 35.3 613.9 17.0
diffusion

Bifacial cell back-to-

76.1 36.7 613.1 17.1
back

Some of the techniques and design features ugbd iaboratory fabrication of silicon
solar cells, to produce the highest possible eifficies include: lightly phosphorous diffused
emitters, closely spaced metal lines, very fineanktbes, among others [WEN]. The extra
processing stages required and/or cost generadiglyate industry use of some technologies
like photolithography, evaporated contacts, doudyer antireflection coatings, among
others. Finally, to ensure a commercially-viableodurct, industry requires e. g. cheap

materials and processes, simple techniques andgses and large area devices.
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1.4  Light induced degradation (LID)

As a further characterization of the wafers, ligiduced degradation of the solar cells
was carried out. Also to understand the light degtian of low-resistivity Czochralski (Cz)
silicon wafers in more detail in a bifacial cellhere the rear short-circuit curregt ds well
as open-circuit voltage \/is highly sensitive to minority-carrier bulk lifete [OH2].

As it was explained by Rein and Glunz [R&G]: “ligimduced degradation (LID) is a
known phenomenon in boron doped (p-type) Cz silisiich reduces the carrier lifetime and
hence the cell efficiency. This is due the formatmf complexes consisting of boron and
oxygen, which act as recombination centers witkrergy level deep within the band gap”.

“Degradation occurring under illumination of arouhdun intensity takes approx. 24
hours to reach saturation. The initial non-degrasiade can be recovered by annealing the
sample above 200°C [MAC].”

For this study, two main procedures were performedinished solar cells. First, cells
at 200°C were annealed in dark during about 30 teg)uo make sure the main part of the
harmful complexes is dissolved. With this proceditiis possible to start with a “maximum
performance” of the cells because they are equhktehis stage. This is a common starting
point to compare results more easily. Second prgeedonsists on LID where the cells are
placed on a temperature controlled chuck and ilhat@d using a calibrated halogen lamp at
about 55°C.

Several measurements under different circumstamees performed, showing that the
relative degradation for front or for rear side vedways less than 2% in average and lower
than 3% for each cell (front and rear side), wldoh one of the requirements some companies
ask to acquire cells to further process modules.

One type of measurement was illuminating the soddr using a halogen lamp with
intensity of approximately 1 sun, with a cell temrgiare of about 55°C. The measurements
used a monitoring system which controls thg &f the cell every 2 minutes. The front side
was initially measured, then annealed to reactégimum value and finally degraded for up
to 48 hours. Next, the cell was turned around &edorocedure was repeated for the rear side
of the cell. The results are shown in Fig. 15.

The chosen cell has an initiabalue of 620 mV for the front side and about 613 m
for the rear side. After annealing the front sile ¥,. increases about 1 mV, reaching its
maximum performance. After 48 hours the cell iblstand there is no degradation anymore,
the Vo has decreased to 616 mV and the relative degoadistio.6%.
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The next step was placing the cell upside downwsig an initial value of about 610
mV. This is a lower value than the one measuredrbedegradation of the front side, which
shows the degradation is on the bulk material ngaanid it affects the rear side as well. After
annealing the M. increases up to 614 mV, recovering what was degrauthe previous step
and showing the maximum rear side performance. WhemM8 hours finished, the Voc is
almost 607 mV corresponding to a relative degradatif 1% for the rear side. Finally the
front side was measured again, showing a smallctemufrom 616 to 615.2 mV, but this
value is within the measurement error and doesneotssary represent a degradation (all

values are averaged over 10 measurements).

Fig. 15: Measured ¥ for one solar cell degraded under different timeditions, front and rear side.

The rear side of the device degraded more thafrdhe side, this is because in the p-
p" junction is more difficult to passivate and thame more chances to form boron-oxygen
complexes than at the front side.

There were several experiments performed, for el@mpgradation during 48 hours
was compared to degradation during 100 hours arsigmificant difference was found. Other
study to find a difference on the side (front carjeof the solar cell degradation was carried
out, finding similar values when degrading the £é&lbm the front (about 0.6% degradation)
or from the rear side (about 1% relative). Howewedifference was found if the cells were
degraded only by one side (about 0.6% for the fsiaet) or by two sides (about 0.8% for the

front side). Nonetheless, this result is indepehdater the first side was degraded.
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Degradation over n-type substrates bifacial solelfsc(same process) was also
performed, where no degradation was detectable.

There exists also a more specific study in whicht Bt al. [PRA] explain the spectral
response degradation of bifacial solar cells, bigt $ort of measurement is not shown in this

chapter.
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1.5 Further development: laser doping over boron diffugon

In 2008 a cooperation between the ISC Konstanz thed formeripe Stuttgart
(currently ipv) started, offering this subject m@assibilities for development. ISC Konstanz
was interested in developing the best boron diffugirocess for industry and to make this
process applicable to bifacial and n-type solatscédn the other hand, ipv Stuttgart has
patented the laser doping technique over phospliifusion and was seeking to extend their
research to boron diffusion. The result of this peration is presented as a continuation, in

the original format of the publication.

1.5.1 Introduction

Boron (B) diffusion is a way to establish a backiate field (BSF) on p-type silicon
(Si) solar cells. In contrast to aluminum (Al)- BSRke transparent B doped rear side enables
light to enter the device from both sides resulim@ bifacial solar cell structure that leads to
an improved current output for appropriate soldr icstallation. Another effective way to
improve the solar cell performance is to reducedityging concentration at the surfaces. The
blue response is increased and the surface paesivaf the device is improved.
Unfortunately, it complicates the metallization pess by screen printing technology.
Selective structures however are a relevant methodcrease the sheet resistance of the
emitter or BSF while keeping the freedom of confactmation by commercially available
screen printing metal pastes. Different approadieesed on diffusion barriers or etch back
sequences have been presented recently [MOR, MOi¢fe is a wide variety of methods to
establish selective structures on Si solar cekxeRtly, the technique of laser doping using a
phosphorus pre-sputtered surface demonstrated atengal by achieving = 18.9%
efficiency [EIl, EI2]. We also developed a seleetivaser doping process using
phosphosilicate glass layer as doping precursaeasing solar cell performance by =
0.4% absolute [ROE].

This contribution shows that this selective ladeping step can also be applied to
bifacial solar cell processing with boron BSF, gsiB-glass as doping precursor. Despite
initial shallow boron doping the contact formatiesing thick film Ag/Al paste metallization
is enabled by reducing the sheet resistance wéhaber underneath the designated contact

areas.
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1.5.2 Processing techniques

The most important techniques involved in the pssogg of bifacial solar cells with
selective B-BSF made by the laser doping processhar co-optimization of boron diffusion
and laser doping and the formation of the rear metatact. These process steps are

discussed in detail in the following paragraphs.

Boron Diffusion:A main task of the diffusion step is to generateoemogeneous boron doped
layer all over the wafer surface. This is more dedirag for a yielded higher sheet resistance
s = 100 /sq. This goal is achieved by improved oven settileqding to a stable process,
applicable under different conditions with high rageneity of the sheet resistance of the
processed wafers. As a result of the decrease@ssdemperature, the thermal budget for the

substrates is reduced minimizing the danger of natelegradation during the high
temperature step. Additionally the processing tisnghortened and makes the boron diffusion
more compatible for an industrial approach.

We performed several boron diffusions at differpeak temperatures to test the
quality of Solar Grade (SoG) Cz silicon materia.A6 shows some BBdiffusion profiles
measured by using electrochemical capacitancegeltaethod (ECV). The profiles with a
sheet resistance; of 55 /sq and s = 110 /sq are performed in an open tube furnace at
peak temperatures of 940 °C and 900 °C respectiBath diffusions have minor deviation
values up to 5% from the sheet resistance averhgwex the wafer surface and along the
diffusion boat. The third profile shows the carr@mncentration of as = 110 /sq boron
diffused layer modified by laser doping. The pmfis much deeper and shows a reduced
surface concentration compared to the initial ped&ading to a sheet resistange= 60 /sq.

The laser processing of this profile will be disser in the next paragraph.

Laser Doping:Laser doping uses a pulsed Nd:YAG laser with waygtle = 532 nm, pulse
frequencyf = 20 kHz and a pulse duratiore 65 ns. For selective laser doping an especially
developed beam optics focuses the laser beam izigtAs= 200 pm” 5 pum onto the wafer
surface. The laser irradiation locally melts tHesh and additional boron atoms from the B-
glass layer diffuse into the melt. The top-hat lineussed laser beam enables a defect free
recrystallization of the molten silicon and creabtéghly doped areas under the screen printed
back contacts. Normally, dopants have to be degmbsih the surface before laser doping. In

our case the boron precursor grows automaticalltherwafer surface during open tube BBr
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diffusion. To transform this initials = 110 /sq diffused boron emitter, into the intended
sheet resistance of; = 60 /sq the laser parameters like pulse energy demsitypulse
repetition frequencyf,, scanning speeds, pulse overlapOyy, and focus sizedy, are

optimized.

Figure 16: Carrier concentration profiles of thedsodiffusions at ;= 55 /sq,

s=110 /sq, and reduced with laser doping frog= 110 /sqto =60 /sq.

The depth and shape of the final doping profiley(E6) are used for the optimization
of the laser parameters. Special interest is giggirevent carrier depletion at the surface, as
the surface concentration of dopants has a strifagten the subsequent contact formation
with the metal paste.

We are also interested in the optical appearandbeo$urface after this process. Fig.
17 depicts a top and cross section view of a lasated region. The cross section image
shows that laser processing seems to deepen tlaeeswf the wafer by approximately 5 pm.
The top view image shows that the laser “polishbs”wafer surface. Laser induced melting
and recrystallization is responsible for this “gbing’-effect, so that the initial surface
structure almost vanishes. This is the reason \kkysurface of the laser processed finger
areas seems to be deeper than the surroundingeddxsurface. The width of the laser

processed area is nearly 220 pm.
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Figure 17: Left: SEM x-section of laser doped fingerder. Right: surface view of the finger.

Rear Side Metallization/Another important parameter to consider beforeoshmy the
appropriate laser intensity is the qualificatiom fear side contacting of the laser treated
surface. Several solar cells are made with diffeBSF parameters. Starting with = 115

/sq base boron doping on the rear side, differ@serl parameters (power intensities) were
applied to the surfaces. After oxide and ,Sd¢position the samples were metalized and the
contact resistance for each different rear sidedessrmined (Table 8).

Based on the results of this table, a pulse engeggity of 6.1 J/cfis chosen for the

treatment of the B-BSF to establish the selectzr side of the bifacial solar cell. Sheet and
contact resistance of the obtained structure shltberdiighest analogies to the values of the

standard process for bifacial solar cells with mbgeneous diffused B-BSF.

1.5.3 Solar cell process and results

The bifacial solar cell process was processe8@tKonstanz on 125x125 n?lrp—type
mono-Si wafers with a thickness of about 200 pne process includes BBdiffusion on the
rear side, which takes place in an open tube ferno avoid the boron rich layer (BRL) that
is created during the diffusion, a subsequenttin$iermal oxidation and deglazing step is
necessary. The emitter in the front side is formgdghosphorus diffusion (PO£I Surface
passivation on the front side is made by the déposof PECVD SiN, while the rear side
features a thermal SYPECVD SiN stack.
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Solar Cell ProcessAs discussed in previous section, the selectiwestre on the rear side of
the bifacial solar cell is established by shalloevdm diffusion, followed by a laser doping

process done at IPE Stuttgart.

Table 8: Sheet and contact resistances for difféaser pulse energy densities

over ¢=115 /sq boron diffusion.

Pulse energy Sheet Resistance Contact

density [J/cnT] [ /sq] Resistance Rc []
7.1 41 1.29
6.7 43 1.70
6.3 46 1.95
6.1 54 2.90
5.9 57 1.83
5.1 104 6.95
4.7 106 7.03
4.3 113 7.37
3.7 114 7.49

In Table 9 the major steps of the processing esecgl of bifacial selective boron BSF
solar cells are presented. It starts with saw demamoval and consecutive, boron diffusion
with in-situ oxidation. Laser doping over boron ggatakes place next and is followed by
thermal SiQ and subsequent SiMeposition to cover the rear side. ga¢ts at the same time
as a protection layer during the etch back of thatfside and the 55 Ohm/sq P@G@iffusion
of the front side emitter. The process is complée&iN, deposition on the front, grid screen
printing on both sides (Ag on the front, Ag/Al dretrear), and co-firing in a belt furnace with

final edge isolation.

Comparison StudyStarting with Cz-silicon SoG substrates, we preeds4 different groups
of solar cells distinguished by a varying rear sttecture. The first group is formed with the
standard s = 55 /sq boron diffusion on the rear side. Efficienceer = 16% are reported
for solar cells with this rear structure on Cz4¥0[1]. The second group corresponds tq &

110 /sq boron diffusion on the rear side. The high shesistance is not ideal for thick film
screen printing metallization and therefore shdeédl to reduced efficiencies, as presented in
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[KO1]. The third group is created using fully coedrlaser doping on the rear side, reducing
the initial s =110 /sq BSFto as= 60 /sq emitter. The fourth group includes selective
structures with a shifted sheet resistance frgm110 /sqto s=65 /sq by laser doping at

the designated areas for metallization.

Table 9: Process sequence of bifacial selectiverbBSF solar cell

showing the only extra step to complete the process

Saw damage removal and wafer cleaning

BBrs-diffusion and ii-situ oxidatiot

Selective laseroping on rear sic

SiO,/ SiN, stack on rear side
Front side etch-back / texturization
POC; emitter diffusion (5 /sq
PECVD SiN ARC (front side)
Screen printing front side
Screen printing open rear con

Co-firing / edge isolation

Apart from the different rear side preparationsth#se groups passed through the
same solar cell process as depicted in Table &teréfore just differ in the details of their

back surface field characteristics.

Lifetime Measurementsifetime measurements of the as cut Cz solar gveafers are done
obtaining an average value of 25 ps with a PECMR, $assivation.

One wafer of each group is again measured justréeionting. Emitter and BSF are
not removed as well as the passivation on bothssafethe wafer. Although there is no
accurate conclusion about bulk lifetime possible tiuthe domination of the surfaces of the
samples, the results still give a qualitative inggien on the varying effect on lifetimes due to
the different rear side processing. Fig. 18 shdves4 different spatially resolved maps of
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each group agent. Upper left (A) corresponds taugrt, 55 /sq boron diffusion and a
measured lifetime of 7.58 ps on average. Uppet (Bhis the map representing group 2, 110
/sq boron diffusion with an average lifetime valde8d’7 us. Lower left (C) corresponds to

group 3, laser doped full area with an identifiddtime value of 7.40 us. Lower right (D)
shows the map of the sample of group 4, with selecear structure.

Lifetime corresponds significantly to the rear sideatment as can be seen by the
vertical lines in the picture separating the lagesm the non-treated areas. The averaged

lifetime over the whole wafer with a value of 84§ is almost as high as for sample B.

Figure 18: Lifetime maps. A: standard process BSE55 /sq. B: special process BSE= 110
/sq. C: laser doping all over the surface froys 110 /sqto =60 /sq. D: selective laser doping

only under the fingers (vertical lines).
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All samples were exposed to identical processiapgssexcept for the difference of the
boron rear side treatment.

The comparison of sample A with B shows the pasigffect of the shallow diffusion
for wafer B. Because of the reduced thermal buttgeminority carrier lifetime increases 1us
on average compared to the sample with the treatofen s = 55 /sq B-BSF diffusion. On
the other hand, a fully closed lasering of the ide of sample B results in even slightly
lower lifetimes than are seen for the open tubemaliffusion of the same sheet resistance
represented by sample A. This negative effect alm@sms to disappear, if the laser structure
follows a selective pattern. The substrate seeme@p the lifetime of the initial, weakly

diffused wafer.

Results:The best solar cell results (125x125 fprtype Cz-Silicon SoG wafer thickness of
220 um) are summarized in Table 10. Using this natand the standard process sequence,
= 14.9% efficiency is obtained under front illumtion and = 11.8% under rear

illumination. With the shallow B-BSFs = 110 /sq values of = 15.6% and = 13.7%
under front and rear illumination respectively daa reported. A gain of 2% absolute in
efficiency for rear side illumination indicates gbonetallization and acceptable contact
formation even for this high sheet resistance. ifleeeased output inggdJdemonstrates the
improved blue response for the shallow BSF undar sele illumination. In the third case we
measured values of = 15.5% and = 12.8% for front and rear illumination respeclivdn
comparison with the second group the results angsimilar for front side illumination but a
significant decrease of = 0.9% absolute in the rear side efficiency isnidiuprobably
associated to the laser damage of the surfacefolindn group presents the best efficiency of
all cells in the front side = 15.9% and overall in the rear side, with a sgde efficiency of

= 14.1%. It is also interesting to analyze the espatio between front and rear illumination,
which is very high and the same for groups 2 and 4.

If higher quality material is used (e. g. the mialeused for the experiments of section
1.3.3), the Group 1 should present an efficienc§©f% in average and the rear side would
be about 15% average efficiency.

We have simulated ideal conditions and extrapol#gitedvalues to the present results.
When the laser doping technique is applied ovedgpality substrates, the efficiency of the
front side of the cell is about 18% in average #énel rear side could reach even 17%

efficiency.
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1.5.4 Conclusion and outlook

The group with selective structures presents #st tesults. By adding a laser doping
step on the rear an improved efficiency of the daad process for bifacial solar cells of 1 %
absolute under front side illumination and morentl286 absolute for rear side illumination
was found. In addition, this process allows a réiducin the diffusion temperature step,
which makes it more reliable for industrial process

There are several possibilities for improvementewery step of the process, e. g.
improving the alignment of the fingers for screem{ing.

These type of changes would be even more repraisenitathe case of n-type wafers,
in which the boron layer would be used as emitarghe front side.

Table 10: Parameters of best solar cells obtaioeddch group,
including the ratio front to rear illumination.

FF Jsc Voc ratio
[%] [mA/cm?]  [mV] [%] [%0]

Group 1: 55 /sq standard boron diffusion

front side illumination 75.3 32.7 607.1 14.9 29
rear side illumination 76.6 25.6 601.3 11.8
Group 2: 110 /sq optimized boron diffusion

front side illumination 76.7 33.3 608.6 15.6 88
rear side illumination 76.4 29.7 605.6 13.7
Group 3: laser doped full area

front side illumination 76.9 33.1 610.9 15.5 g2
rear side illumination 76.5 27.5 606.9 12.8
Group 4: laser doped selective structure

front side illumination 75.4 34.7 608.5 15.9 a8
rear side illumination 75.5 30.8 604.6 14.1
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Summary of the first chapter

Different structures for bifacial solar cells cam dbtained using different processes.
One of these structures was explained in detadcriting every step of the process to
understand how the prthe pp junctions and the metal contacts are formed st akplained
the processing details to clean the silicon sutesirbefore and after processing and most of
the chemical reactions involved. It showed the ugzation and the passivation we have
chosen and the techniques to protect one sideeafekiice while processing the other side.

The most decisive step in our process was the ldiffusion; it marked the difference
to the standard solar cell process and it alscesgmted the major challenge. It is commonly
associated with the formation of the undesirab®baich layer (BRL) and this is one of the
reasons why it is not widely used. We have estiabtisa controlled stable process, and with
the incorporation of the in-situ oxidation stephiit the boron diffusion, the removal of the
BRL is not a challenge.

We processed the first batch of 50 solar cellsO8&following a sequence similar to
[KO1]. The obtained results in our case (averageste 15.3% for the front side and 9.9% for
the rear side.

After the optimization of most processing stepsla&ixed in Section 2.1, the best
efficiency was 17.3% and 15% for the front and reide of the device, respectively. The
process was stable and could be extended up to€2@0per batch.

Further investigations, changing parts of the seqeesteps were performed, showing
there was a minimum space for improvements becews® of the process was already
optimized. The cost-effective improvements, forrapée, placing the substrates back to back
during diffusions were used in later stages.

The total light induced degradation of the cellswess than 2% in average for front
and rear side, fulfilling the requirements for salall industry.

A novel concept was applied for the first time licsttype of device. The laser doping
technique was tested over boron diffused substi@tessolar cells were further processed.
Combining the results obtained for standard proosgh the laser doping, solar cell
efficiencies of 18% for the front side and 17%tfue rear side can be reached.

The results shown in this chapter present optimipemtessing steps with stable
trustable values within the available resources hege worked with. These results are
satisfactory and our cells have been measured amdnated in modules for further

experiments. The results of these investigatiotisb@ishown in Chapters Il and IIl.
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Chapter Il

Characterization of Bifacial Solar Cells

Most of the results presented in this work wereligabd by the author in 2011 (see
references [CD3, CD4]).

To assure the return of the warranted annual yiefghotovoltaic outdoor installations
along with the cost-saving potential of reducedertmhce specifications of photovoltaic
modules, cell and module manufacturers worldwidesype an in-depth understanding of
measurement procedures to minimize their uncersirand gather benefits of accurate
performance predictions. Current-voltage (I-V) mgd and spectral quantum efficiencies
(QEs), represent the most important characteristica readily fabricated solar cell. Other
important characterization methods are e. g., tfkmeasurements, measurement of series
resistance, reflectance, lifetime, electroluminaseg simulation, among others.

Bifacial and not fully covered rear contact solalls present difficulties when
measured due to their bilateral properties and dneexternal contributions from the
measurement systems itself. One approach to elienthase contributions from the rear side
would be to measure these devices on a setup guetialy sample holder with a non
reflective surface [HOH]. The resulting measuremeatld give an absolute value for a one
side illuminated bifacial device but because o&eklof appropriate non reflective but at the
same time conducting surface is challenging ande=difficulties.

The impact of different sample holder materials aodfigurations as well as several
back sheets was studied. This impact was quantfieda solution was proposed.

An alternative for steady illumination configuratisvas found by using an IV flasher.
A new approach is presented in this work consistihthe simultaneous illumination of both
sides of the cell, in an attempt to simulate thekimy conditions of the solar cell in the
bifacial mode. This approach was presented astamative to correct the impact of sample
holders and offers a new measurement possibiliB3|C

Flasher measurements are widely used in industaynlynbecause they give a quick
classification of the solar cell performance. Inr oapproach investigations showed
additionally the potential to reduce rear side ewtile effects. Moreover, technical
modifications for this setup allowed dosed lighheeation from the rear what offers the

possibility to measure the solar cell in a bifacedde.
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2.1 I-V curve measurements

As mentioned in section 1.3, the most fundamentdarscell characterization
technique is the measurement of cell efficiencynsbmucting a system that meets all the
standard test conditions simultaneously is difieuid expensive.

According to PV Education [PVE]: “most researchdediories have simple custom
built testers that only roughly approximate thend&rd measurement conditions. Results that
are tested "in-house" are typically quite approtenderiodically companies and research
institutions will send devices with record effice@s to certified testing laboratories for
confirmation”.

Measuring solar cells requires a stable light setinat closely matches the conditions
of sunlight. Not only the intensity but also theespum must be matched to a standard. The
ideal illumination source would have the followifegatures [EME];

a spatial non uniformity of less than 1%.

a variation in total irradiance with time of lessuh 1%,

filtered for a given reference spectrum to haveecsal mismatch error of less than

1%.

These requirements are essential in obtaining emracy of better than 2%. There are
three classes within each of these criteria whireés'the top rating while 'C' is the lowest
rating.

As explained by PV Education [PVE]: “the most commiight source is a Xenon arc
lamp with filters installed to approximate the AMG spectrum. Simple testers often just use
a halogen lamp with a dichroic filter. The lamp@filent is much lower than the sun's 6000 K
so it produces much more infrared light and muds I&V. The reflector on the bulb is
selective so that the visible and UV is reflectedards the cell but most of the infrared
radiation is not reflected and leaves the backeftiulb. Halogen lamps have the advantage
of greater temporal stability compared to Xenonlaneps.

The approach taken by most in-house testers is@oaucalibration cell that has the
same spectral response as the cell under testighthéntensity of the tester is adjusted so that
the k¢ of the cell matches thg:las measured at an external testing laboratory.adexy slight
changes in cell processing (e.g. the doping prafiléhe emitter, variation of anti-reflection
coatings) cause changes in spectral response amééud for a new standard calibration.

One-sun illumination is quite intense so there toabe some mechanism to remove

the excess heat. Typically the cell is placed targe metal block and water runs through the
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block to keep it cool (see Fig. 19). A thermocouiglénserted in the block and the control
system is adjusted to the required 25 °C. The s@ngtangement works very well for
commercial cells where the entire rear is covergld metal and makes good contact with the

test holder (chuck).

Fig. 19: Scheme of a basic structure of a simplesBfer.

The current and voltage are measured separatelyer@ome contact resistance problems.

Poor temperature control introduces errors . Mhis error is dependent on the
bandgap of the material.

A more sophisticated arrangement is required fdis ocghere some or all of the
contacts are on the cell rear, or for bifacialniination. A common method used is flash
testing where light is flashed on the cell and meaments are taken very quickly. While this
largely eliminates temperature control problemghssticated electronics are needed to take
measurements quickly and synchronized with thénfl&$ash testing is also commonly used
for module testing where it is generally not poksito directly control the cell temperature
due to the encapsulation” [PVE].

Flasher is widely used in industry due to the speethe measurement, making it

appropriate for in-line processes and strict gyalintrol stages (see e. g. [BER]).
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Cell testing uses a four point probe to contactciié A current and voltage probe on
top of the cell and a current and voltage probeéhenbottom of the cell. The most common
arrangement is to have the metal of the block a¢ha rear current probe and then to have a
voltage pin through it. For the top contacts iusually insufficient to have a single voltage
and current probe thus a number of pairs are ssIKig. 19). Depending on the size of the
solar cell, up to 7 or 8 pairs of contacts are ssasy/ to obtain an adequate value of the
measured parameters, especially the fill factor.

As can be found in PV Education [PVE]: “the solatl ¢ight I-V curve can be traced
by altering a variable resistor across the cell mubrding the voltage and current at the cell
terminals. While this is quite simple, it is timensuming. In practice, more sophisticated
electronics is used. The most common method is¢oauvariable voltage source that is also
capable of sinking current. To improve the accurdgy and \,. are usually measured
separately (by setting the voltage to zero ancctimeent to zero respectively) from the rest of
the curve. The IV curve has a strongly varying sldpat causes additional problems. There
are various schemes for improving the accuracydmat of the simplest is to use equally
spaced measurements in voltage in two steps. T$tes@ction is widely spaced and covers 0
to 70% of 4. The second section has points more closely spacedovers the range from
70% to V,e. The second region contains the maximum powertpthe open circuit voltage

and has a much higher slope”.

56



2.2  Spectral response of bifacial solar cells

Solar cells respond to individual photons of incidéight by absorbing them to
produce an electron-hole pair, provided the phetwoergy €,,) is greater than the bandgap

energy €, ). Photon energy in excess Bf is quickly dissipated as heat [WEN].

“The quantum efficiency (see Section 1.3, Equali6pof a solar cell is defined as the
number of electrons moving from the valence bandh® conduction band per incident
photon. The longest wavelength for which this isté is limited by its bandgap. Maximum
use can only be made of incoming sunlight if thedzmp is in the range 1.0-1.6 eV. The
bandgap of silicon, at 1.1 eV, is close to optinf\iEN].”

An example of a spectral response measurement setufpe found in [FIS]. In a
simplified way it can be explained as follows: “aagng monochromator produces
monochromatic light from a 150 W tungsten halogenp. The light is modulated at 237 Hz
with a light chopper placed at the entrance slihe Tdivergent light leaving the
monochromator is collimated and the parallel beafiected towards the solar cell, which is
mounted on a temperature controlled sample stage.light beam is homogeneous over
approximately 2x2 cm. A pre-amplifier keeps thel oaltage at the desired set-point,
converts the modulated photo-current into a voltsigeal and removes the DC signal from
the bias light. 'Remote sense' contact settingimditas voltage drops in the leads and the
contacts. QE measurements are taken relative aditaated solar cell with a known EQEcal.
Spot-like illumination and full area illuminationrea common. The first alternative is
appropriate for homogeneous solar cells. For pi@timmeasurements on multicrystalline Si
solar cells the homogeneity of the illuminatiorcigcial” [FIS].

The metal chuck where the cell is placed contdwsréar side of the cell. Figure 20
shows the measured spectral response for onediifadar cell from this work, front and rear
side. The front side presented a better perform#rare the rear side. This was mainly due to
the difficulties to passivate thé pack surface field. In terms of efficiency, thalgepresents
about 16% and 13% for the front and rear side eetsely.

Reflection for both sides is similar because th& asflection coatings and grid
patterns were similar. The small differences inefince arise from differences of the rear
side (a stack layer ARC) and the front side (SoNly). The front and rear metal pastes had

similar, but not exactly the same composition, astioned in Section 1.2.7.
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Fig. 20: Spectral response of a bifacial solar, éelht and rear side



2.3  Prerequisites for measurements

Before performing the experiments, several comaitens were necessary. When
using solar cells, it is very important to haveoad time stable device and characterize its
properties. The solar cells were degraded durindh&@s on both sides to make sure its
parameters will not change. All measurements weneected at 25 °C to have a fixed
reference value. The foils and lacquered surfaca® wleaned with isopropanol every time
before performing a measurement.

In our case, the important characteristics wergusitthe 1-V curves, but also the QE
performance and transmission among others, for §idés of the solar cell.

Reflecting surfaces and back sheets had also demacterized with respect to their

properties of reflection, absorption and transroissi

2.3.1 Transmittance of bifacial solar cells

According to [WIK]: “in optics and spectroscopyamsmittance is the fraction of
incident light (or other electromagnetic radiatioa) a specified wavelength that passes
through a sample. A related term is absorptancabsorption factor, which is the fraction of

radiation absorbed by a sample at a specified \waggh. In equation form,

- |
T=—, A=-2 (17)

where |, is the intensity of the incident radiation, | ietintensity of the radiation coming out
of the sample andl, and A, are transmittance and absorbance respectivelythdse

equations, scattering and reflection are considévede negligible or otherwise accounted
for”.

The transmittance of a monofacial solar cell wasisneed showing that no light can
pass through. This is because at the rear sidesofyppe of cells there is a thick layer of metal
paste, not allowing light crossing through.

In the case of bifacial solar cells, the situai®different. Starting from approximately
900 nm (depending on the cell structure), somet lgagsses through the cell. Therefore a

small portion of light is not absorbed at the BSHich is consistent with the spectral
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response measurements. If all light would be alesbéi the rear, the spectral response would
be maximized.

This characteristic of bifacial solar cells is theotivation for this chapter of our
investigation. We have asked ourselves, what hagp#émpart of the light passing through the
cell is reflected back on the metal chuck, whike tell is measured? (See Fig 21)

Our hypothesis was that this reflected light wiltiease the efficiency of the cell and
in this case, the measurement is not accurate. imestigation was made to determine the

magnitude of this inaccuracy and its effects.

Fig. 21: Scheme of light passing though a bifastdr cell and reflected back

at the surface of a metal chuck (not to scale).

Two questions arise from this postulation: is isgible to measure only one side of a
bifacial solar cell, without an external contritant? And, would a one side measurement give
an idea of a “real” performance of a bifacial saal? We will develop the answers to these

guestions in the following sections.

2.3.2 Reflectance of different surfaces

“Reflectivity and reflectance refer to the fractioh incident electromagnetic power
that is reflected at an interface, while the terafléction coefficient” is used for the fraction
of electric field reflected. The reflection coeféiat can be expressed as a complex number as
determined by the Fresnel equations for a singler|avhereas the reflectance (or reflectivity)

is always a positive real number [KLE].”
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The reflectance spectrum or spectral reflectancesds the plot of the reflectance as a
function of wavelength [WIK].

We have characterized different varnish typesl dse subsequent experiments. They
had been applied to the metal holder of the I-V sneament system.

The first varnish is black and the obtained refatst of the chuck varies around 7%
but it is stable over a large range of wavelengilgo other white varnishes with reflectance
varying in the region of 70% and about 80% were &dsted.

This material type was chosen because it changeeflectivity of the surface holder
without the need to change its electrical propsrtihe results for these experiments will be
shown in Section 2.4.1 and 2.4.3.
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2.4 Bifacial solar cell measurements

A set of rear full area BSF bifacial and standardustrial monofacial silicon solar
cells was chosen for characterization. Their trassion properties have been previously
measured (see Section 2.5).

Different surfaces have also been characterizetl vaspect to their properties of
reflection. It is important to note that only thptical properties of our measurement system

were changed while the electrical properties wesays kept constant.

2.4.1 |-V for three different reflectance metal holders

To test this, a long term stabilized bifacial satall was measured with a flash solar
simulator, maintaining the contact configuratiord aaitering the optical properties of the
chuck surface where the cell was placed. The mietddler was lacquered, leading to
differences in its reflectance properties.

Table 11 shows the average results of these measats, including short circuit

current density variations compared to the standaugk of the flasher.

Table 11: Parameters of a bifacial solar cell mesbon different chuck surfaces.

Chuck surface Voc Jsc FF h Rel. variation
reflectance [mV]  [mA/cm?  [%] [%] Jse [%0]

Standard chuck 622.69 36.75 75.08 17.18 N/A
Black ~7% 622.82 36.61 75.08 17.12 -0.38
White ~70% 623.27 37.06 74.98 17.32 +0.84
White ~80% 623.27 37.12 74.90 17.33 +1.01

The rear side of this cell was also measured, sigptrie same variation range for the

low reflecting back sheet and over +1% davairiation for the high reflecting back sheets.
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These results showed that theuariations can be higher than 1% relative. It also
be extracted from these results that the “standiandk” where the cell is normally measured,
increases around 0.3% relative to the measure@vaen comparing to a black one (almost
no reflecting surface).

Note that the FF is almost the same for every nreasent, which indicates that the

electric contacting properties of the measuremeniralependent of measurement conditions.

2.4.2 Spectral response for two different chuck reflecéan

One solar cell was measured two times changing oppical properties of the
reflectance of the chuck where the cell was coathcWe found (Section 2.4.1) that this
change can produce an increase in current up to 1%.

In the case of spectral response it is more diffit see small changes. For this
reason we have chosen only two surfaces with lifgrdnt reflectance properties: very high
reflecting white ~80% reflection and almost no eefing black ~7% reflection. The

measurements can be seen in Fig 22.

Fig. 22: Measured spectral response of one bifaciak cell,

using two different chuck reflecting surfaces
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In this case, the differences were visible staripgroximately at 880 nm, where the
extra light crossing the cell was probably refldcte the high reflecting chuck, having a
second opportunity to enter the cell. This diffeercorresponds to approximately 1% in

current.

2.4.3 1-V measurements for different reflectanceaahieolders

For this part of the experiments we have used &lclespecially designed to polish
and change easily its reflectance properties. Tphesgerties were averaged, but stable for a
long range of wavelengths. Table 12 shows the geerasults of these measurements,
including efficiency variations while comparing tbbtained results with the standard chuck
of the |-V system.

Table 12: Bifacial cell measured on different chsaokfaces.

Ve Jsc FF h Rel. variation h

Type of chuck surface ,
[mV]  [mA/cm?]  [%] [%0] [%]

Standard flasher chuck 622.69 36.75 75.08 17.18 N/A
Chuck 7% reflectance 622.82 36.61 75.08 17.12 -0.38
Chuck 72% reflectance 623.27 37.06 74.98 17.32 0.7
Chuck 78% reflectance 623.17 37.05 74.88 17.29 1+0.6
Chuck 85% reflectance 623.27 37.12 74.90 17.33 5+0.8

The rear side of this cell was also measured, siptiie same variation range for the
low reflecting back sheet and over +1% variationth@ high reflecting sample holder.
The FF remained almost constant along the wholesurements, showing that the

electric contacting properties were almost unchdriyging the measurements.
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2.5 Rear side contribution

What is really contributing from the rear sideaobifacial solar cell in a standard test
measurement? We considered a bifacial solar cejuased in Section 1.2, with 55/sq
phosphorus emitter and 60'sq boron diffused back surface field based ontypp-substrate
with a resistivity of 1.5 Ohm-cm and 200 pm thickseleading to a n+pp+ asymmetric
structure.

Previous results (Section 2.4.1) showed thatthek reflectivity and the contact
configuration of the sample holders strongly infloe the generated current and the fill
factor. Even for exclusive illumination of the ftoside, an extra contribution compared to
monofacial samples is observed due to the devitetate. This contribution considers the
interaction of the system cell chuck, which is giygy the light passing through the cell, but
being reflected on the chuck surface and re-emgdraitk the rear side of the cell. To calculate
this influence, it is necessary to consider thegmaission through the solar cell and the
reflection of the chuck surface along the lightdpen. The graph in Fig. 23 shows the
spectral response for front side illumination ot thifacial solar cell including the rear
contribution. Since it is an integrated measuremesmt can hardly differentiate the
contribution from the rear side effect. The redaareFig. 23 shows the analogous calculation
for the rear contribution caused by the chuck.

As the calculation indirectly includes the spewtrof the incident light, this is just an
approximation to show graphically the influencetioé rear side. This effect has been shown
numerically (Sections 2.4.1 and 2.4.3).
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Fig. 23: Spectral response measurement for thé $ida of a bifacial solar cell (black). Transmissi
of the same cell, measured from the front (greRejlectivity of a brass chuck surface (blue) aral th

rear contribution calculated due to the bifacialicture of the device (red).
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2.6 I-V for both sides illumination

In another approach we allowed light penetratirg ¢hll from the front and the rear
side simultaneously, using two different light szes. The rear light source was calibrated to
provide steadily 25% or 30% of one sun and thetflight source gives the commonly used 1
sun flasher light for standard measurements (Spe2B).

One bifacial cell was measured several times, finst front side with front side
illumination only and afterwards simultaneouslyrfr@lus 25% or 30% rear illumination. The
procedure was repeated for the solar cell upsidendand the results are presented in table
13.

Fig. 24: Scheme of the both side illumination expent.
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When illuminating the cell from the back, the mimsportant improved parameter was
Je Although there is a drop ing¥and FF we observed an improved efficiency, depgndn
the amount of light coming from the rear side o ttell. This indicated that the ratio of
performance of front to rear side of the cell hastrang effect on the results detected for
simultaneous measurements.

As mentioned before, the solar cells we used feséhmeasurements had a non
symmetric App" structure and for this reason, there was a sigmiti difference if the device
is operating in front or rear mode. It is also imtpat to consider that the light sources used

are not equal and this is another factor that ¢i@ctathe solar cell performance.

Table 13: Bifacial cell measured at simultaneogisticonfigurations.

) o Voe Jsc FF Pmpp  Rel. variation
Type of illumination N
[mv]  [mAcm? (%] W] P
Front side 1 sun, 0% rear 627.9 36.7 75.6 2.7 N/A
Front side 1 sun, 25% rear 625.5 44.1 74.9 3.2 19%
Front side 1 sun, 30% rear 622.9 48.7 73.9 3.5 29%
Rear side 1 sun, 0% front 616.5 26.2 76.0 1.9 N/A
Rear side 1 sun, 25% front 616.6 35.1 74.7 25 32%
Rear side 1 sun, 30% front 614.0 38.9 73.4 2.7 43%

Nevertheless, if we would like to extend this study a standard test condition
measurement of bifacial solar cells, other typesbifécial solar cell structure must be
considered. This makes characterization for thie tyf cell devices even more complicated.
Therefore, we would like to remark that this meti®@d quick and convenient alternative for
classification of bifacial solar cells. It descrsbéne real operating mode of the cells, no other
measurements upside down are needed and it caxidi@ed to other types of bifacial cell
configurations.
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In a different approach, Ezquer et al. [EZQ] pragzbg 2009 a special setup for I-V
characterization of bifacial solar cells which dsts basically of a vertical sample holder
positioned perpendicular to the base plate. “Twoaniglasses are located symmetrically at
45° of the sample holder. The sample holder indudeans for contacting the PV cell on
both sides, a reference cell for the determinadibthe irradiance on the cell after reflection
on the mirror and the clamps to support the cedllit In order to simulate the different rear
reflectance (albedo) conditions some meshes carelaein front of the mirrors to decrease
the light irradiance on the back side. The schamattithe designed bifacial cell tester is
shown in Figure 25.

The simulation of different albedo conditions is deathrough the use of metallic
meshes of various densities that can be placedenidght incidence side of the tester, to
reduce the irradiance on that side. That allowsillhenination of the cell with different
irradiances on the front and back sides at the seneg [EZQ)].

Fig. 25: Schematic of the bifacial tester [EZQ]

In general terms, this approach was a good appadiom to a precise |-V curve
measurement. It uses only one source of light Itonihate both sides of the cell and it
controls the amount of light coming from the reideswvith a mechanical system.

Unfortunately if a quick classification of bifaciadolar cells is required, more

sophisticated electronics and automation are napess
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Summary of the second chapter

We presented the most used characterization tesbsifpr solar cells. These are |-V
curve and spectral response.

I-V curve can be measured using a steady illunomasystem or a flasher. The
decision to use one or the other will depend onfélaéure of the measurement. For example,
if the measurement needs to be precise it is biteise a steady illumination system but
when the measurement needs to be quick (as fandlstry) it is better to use a flasher.

To characterize bifacial solar cells realisticatlys necessary to consider the structure
of the devices. It is important to know how the swwament system will influence the results
to benefit from the bifacial structure and ambieonditions and to optimize the performance
of the system.

It is important to point out that a standard chemazation method for bifacial solar
cells does not yet exist at this time. Hohl-Ebingéral. [HOH] presented in 2010 several
measurements in the field, concluding that “thedstpotential for additional measurements
uncertainties is to realize low reflectivity of thmounting chuck surface”, not giving a
standard for bifacial solar cells.

Within this work we identified and quantified thefluence of several different
reflectance holder configurations on IV- and QE sueaments for bifacial solar cells. The
contribution of the rear side has been measuredtarah be up to 1% insgJand efficiency.
The character of this contribution was also shayraphically.

An alternative for bifacial measurement and quildssification of bifacial solar cells
was presented. It allowed simultaneous front anar ridumination and gave a more
comprehensive response for bifacial solar cell grardnce. This method was a quick and
convenient alternative for classification of bifacsolar cells because it described the real
operating mode of the cells, no other measuremgrggle down were needed and it can be
extended to other types of bifacial cell configigas.

The final aim of this chapter was to use thisdeato benefit from bifacial solar cells

in a photovoltaic installation inside a module. Tasults will be shown in Chapter IIl.
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Chapter Il

Bifacial PV Modules

3.1 Introduction to PV modules

Solar cells are rarely used individually. Rathezllscwith similar characteristics are
connected and encapsulated to form modules whicturn, are the basic building blocks of
solar arrays [WEN].

According to PV Education [PVE]: “a PV module castsiof individual solar cells
electrically connected together to increase theivgr output. They are packaged so that they
are protected from the environment and so thatutder is protected from electrical shock.
However, several aspects of PV module design wimak reduce either the power output of
the module or its lifetime need to be identified.

Since the maximum voltage from a single silicorl ehbout 600 mV, a PV module
consists of a number of solar cells connected mesgtypically 36 for a nominal 12 V

charging system and 60 to 72 cells for other PV groplants) encapsulated into a single,

long-lasting, stable unit. Under peak sunlight (a@100 mW/cn? ), the maximum current

delivered by a cell is approximateBOmA/cn? . If a higher current is needed, the modules

have to be connected in parallel, accordingly.

The key purpose of encapsulating a set of eletlri@cnnected solar cells is to
protect them and their interconnecting wires frdra typically harsh environment in which
they are used. For example, solar cells, since d@neyelatively thin, are prone to mechanical
damage unless protected. In addition, the metdlagrithe top surface of the solar cell and the
wires interconnecting the individual solar cellsyntarrode by water or water vapor. The two
key functions of encapsulation are to prevent meiclah damage to the solar cells and to
prevent water or water vapor from corroding thetieal contacts.

Many different types of PV modules exist and thedoie structure is often different
for different types of solar cells or for differempplications. For example, amorphous silicon
solar cells are often encapsulated into a flexabtay, while bulk silicon solar cells for remote

power applications are usually rigid with glassitreurfaces.”
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Solar arrays are often used in harsh and remotieomnvents, where supplying power
by central grid or fuel-dependent systems is nasifde. Hence, modules must be capable of
extended, maintenance-free operation. Module tifes of around 20 years are normally
quoted by manufacturers, although the industrneekmg 30-year lifetimes. Encapsulation is
the main factor affecting solar cell life expectafikIN]. A typical encapsulation scheme is

shown in Fig. 26.

Fig. 26: Scheme of a typical laminated module $tmec

Most PV bulk silicon PV modules consist of a traargmt top surface, an encapsulant,
the solar cells, a rear layer and a frame aroumedothter edge. In most modules, the top
surface is glass, the encapsulant is EVA (ethyylvatetate) and in most modules, a thin

polymer sheet, typically Tedlar, is used as the sedace (Fig. 26).
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3.1.1 Front surface material

According to PV Education [PVE]: “the front surfacé a PV module must have a
high transmission in the wavelengths which can sy the solar cells in the PV module.
For silicon solar cells, the top surface must haigh transmission of light in the wavelength
range of 350 nm to 1200 nm. In addition, the reitecfrom the front surface should be low.
While theoretically this reflection could be reddday applying an anti-reflection coating to
the top surface, in practice these coatings areaimist enough to withstand the conditions in
which most PV systems are used. An alternativenigcie to reduce reflection is to "roughen”
or texture the surface. However, in this case tist dnd dirt is more likely to attach itself to
the top surface, and less likely to be dislodgedwliryd or rain. These modules are not
therefore "self-cleaning”, and the advantages @ficed reflection are quickly outweighed by
losses incurring due to increased top surfacengpili

In addition to its reflection and transmission pdpes, the top surface material should
be impervious to water, should have good impadstasce, should be stable under prolonged
UV exposure and should have a low thermal resigtiWWater or water vapor ingress into a
PV module will corrode the metal contacts and mdenects, and consequently will
dramatically reduce the lifetime of the PV modutemost modules the front surface is used
to provide the mechanical strength and rigidityerétiore either the top surface or the rear
surface must be mechanically rigid in order to supfhe solar cells and the wiring.

There are several choices for a top surface maiaechuding acrylic, polymers and
glass. Tempered, low iron-content glass is mostnonty used as it is low cost, strong,
stable, highly transparent, impervious to water ayjabes and has good self-cleaning

properties. A normal glass thickness is about 312’ fRPVE].

3.1.2 Encapsulant

As can be found in PV Education [PVE]: “an encapstiis used to provide adhesion
between the solar cells, the top surface and tlae serface of the PV module. The
encapsulant should be stable at elevated tempesaaund high UV exposure. It should also be
optically transparent and should have a low themasistance. EVA is the most commonly

used encapsulant material. EVA comes in thin shekish are inserted between the solar
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cells and the top surface and the rear surfaces $&ndwich is then heated to 150 °C for

about 15 minutes to polymerize the EVA and bondntioelule together”.

3.1.3 “ldentical” solar cells

Ideally, the cells in a module would exhibit ideati characteristics and the module I-
V curve would exhibit the same shape as that ofrtlividual cells, with a change in scale of

the axes. Therefore, for N cells in series and N& ¢e parallel,

— thotaI
=Ml - Ml, exp—= -1 18
L o &XP TN (18)

total

In practice, all cells have unique characteristans] the module output is limited by
that of the cell with the lowest output. The diface between the maximum output of the

component cells and the output actually achievedlied the mismatch loss [WEN].

3.1.4 Rear surface

According to PV Education [PVE]: “the key charaddécs of the rear surface of the
PV module are that it must have low thermal resistaand that it must prevent the ingress of
water or water vapor. In most modules, Tedlar eduss the rear surface. Some PV modules,
such as bifacial modules are designed to accept figm the front and the rear of the solar
cell. In bifacial modules both the front and tharrenust be optically transparent”.

We have characterized different foils, used fabbsequent experiments for outdoor
measurements. Most of the foils are especiallygthesi for photovoltaic approaches and for
this reason they are quite stable in their reftegtabsorption and transmission properties over
the whole visible wavelength range, as shown in Efg

We also searched for materials with reflecting abtaristics that are similar to what
can be found in nature. The first foil is black (@)d the reflectivity of this foil varies from
6% to 8%, similar to what is observed for dark weil. Two white foils with reflectance
varying from 65-74% (B) and from 78-83% (C) respesly correspond to reflectance of

fresh snow. Finally, the reflectivity of the beigeil (D) shows strong wavelength

74



dependence. It can vary from 20-60% approximataty this reflection range is comparable

to the reflection generated by sand in a deseréd|CD

Fig. 27: Measured reflectance of some of the feddufor our experiments.

Another interesting rear foil for our experiments transparent. This was also
characterized, showing a reflectance of about 108czatransmission of 90%, integrated over
the wavelength range of 300-1500 nm.

The “natural” values show a large inhomogeneity #mely are valid for certain climatic
conditions. Nevertheless these values are typoratdrtain areas of the planet and have been
measured during years under different circumstajidR].

The foils used in our case differ from these w#ies. Especially the impact of
humidity, playing an important role in nature isnghated and therefore stable reflection

properties can be supposed during the time ofxtperaments.

3.1.5 Frame

A final structural component of the module is tligiag or framing of the module. A
conventional PV module frame is typically made loih@inum. The frame structure should be

free of projections which could result in the acalation of water, dust or other matter.
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3.2 Bifacial PV mini-modules, different rear foils

Bifacial solar cells are employed in double- sidednsparent modules, taking
advantage of the natural albedo from the place evkieey are mounted in order to increase
their power output.

“Albedo or reflection coefficient is the diffuseflectivity or reflecting power of a
surface. It is defined as the ratio of reflectediation from the surface to incident radiation
upon it [WIK].”

When a bifacial module is mounted in a highly refileg environment, the light
conversion and power generation will not only beveir by the illumination from the front
side of the device, but also from reflected lightieh is penetrating the module from the rear
side.

If these conditions are not fulfilled and therents space between the module and the
reflecting surface (for example on a roof) an alé¢ive could be to laminate the module with
a highly reflecting surface instead of a transparear foil. With this, the rear contribution
will be constant and comparable to monofacial meslwith an elevated level.

Different back sheets have been tested in mini hesgdunvestigating the QE and IV
characteristics in every case.

In this section of the investigation, the aim ispt@dict how a bifacial module will

behave under unusual lamination conditions.

3.2.1 QE measurements

We have manufactured mini-modules representing lamgnated solar cell using
different back foils. The reflecting surfaces andck sheets have been previously
characterized with respect to their reflection apgon and transmission properties.

Fig. 28 presents the spectral response of a cefwéatnf spot of the bifacial cell
before and after lamination and for a back she#ét \ow reflectance. It was found that the
short wavelengths are absorbed in the range of3300nm by the glass and EVA of the
module covering the initial solar cell on the freie. The low reflecting back sheet absorbs a
large part of the long wavelengths that pass thrahg solar cell without contributing to the

generation of electron hole pairs in the bulk. dask of optical reflection back into the device
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the rear foil absorbs this light and therefore guantum response is decreased in the long
wavelength range (from 900-1200 nm).

On the other hand, if the back sheet is highlyestihg, it increases the initially
measured value almost along the whole range of ieagths.

For this experiment solar cells were used providahmost the same efficiency if

operated with the pn junction on the front or oa tear side of the device.

Fig. 28: Spectral response of bifacial solar cefbbe and after lamination with a black back-slodet
lowest reflectance. The glass encapsulation cuit sfavelengths and the low reflective back sheet

reduces the initial values (measured on a brasskghu

3.2.2 |-V measurements

A set of bifacial solar cells was long term staleil and characterized. Before
lamination in single cell mini modules the cellsrevesorted into three groups of five cells
each. For the front side standard tempered gla$15.0 cm with a thickness of 3.0 mm
was used while for the rear side a non-transparaok sheet was applied. EVA served as

encapsulant.
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The solar cell presents a pseudo square shapeawsine of 12.5x12.5 cfmand a
diagonal of 15.0 cm. The resulting mini module hasize of 15.015.0 cnf. The solar cell is
laminated in the middle of the mini module.

A frame was built to cover the non-active areahef mini module, as depicted in Fig.
29. With this device it is possible to measureann modes: only by the illumination of the net
cell area, or illuminating the complete area of thmi module. Each group was measured
before and after lamination. Table 14 presentp#rameters of one representative sample for

each laminated back sheet.

Fig. 29: One cell mini module and frame to cover ion-active area.

For the black foil a reduction in power outpublstained. As values before lamination
refer to measurements on a standard brass chuckeduced reflectivity of the foil explains
the deviation.

For the white foils an increase in power outputipfto 1% is visible if the illuminated
area is restricted by the mask to the active afd¢hensolar cell. In the case that the mini
module is completely illuminated (15.0x15.0 9nthe elevated reflections on the surface of
the glass and the rear foil boost the power ouipub 8.2%.

The open circuit voltage and the fill factor remamost constant, while the
determinant parameter is the short circuit currins. important to mention that the solar cell
was measured before lamination with the same ctgecafter lamination and therefore we

have to expect that the fill factor remains uncleahg
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Table 14: I-V measurements for different rear fddsfore lamination,

illumination of the cell area only and illuminatiof the complete mini module.

Relative variation to the power output before |aation.

Voc N FF Pout Rel. Py
V] [A] [%0] [W] variation [%0]
Cell 1 before lamination 0.603 5.20 66.6 2.09 N/A
Lamination Black foil A
lllumination cell area 0.602 4.97 67.1 2.01 -3.9
lllumination module 0.602 5.06 66.8 2.03 -2.7
Cell 2 before lamination 0.588 4.86 67.9 1.94 N/A
Lamination White foil B
lllumination cell area 0.590 4.87 67.9 1.95 +0.4
lllumination module 0.592 5.27 67.2 2.1 +7.4
Cell 3 before lamination 0.587 4.84 67.7 1.93 N/A
Lamination White foil C
[llumination cell area 0.588 4.85 68.0 1.94 +0.6
[llumination module 0.591 5.28 67.4 2.1 +8.2
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3.3  Double side transparent bifacial PV module

Some of the current bifacial PV module manufactu@e Sanyo, Hitachi, B-Solar,
Isofoton, Day4Energy, Prism Solar and Solar Windoagnothers. They use various cell
concepts such as HIT bifacial solar cell, p or petypifacial solar cells. The construction is
similar but not the same, leading to differenceperformance and appearance. Nevertheless,
all of these manufacturers use double side traaspancapsulation.

The application for this module type is also digglie some case to use them in desert
areas as well as for building integrated PV (se#i&e4.4).

To measure bifacial PV modules there is no standéwel same restriction as for
bifacial solar cells. One technique to measure side of a bifacial module, used by several
manufacturers, is placing a black curtain behingl iodule. In this way, almost no light
reflected can enter the rear side.

3.3.1 Construction

The construction of the modules was done at Solgd€roatia). Two main
configurations for packing density were built. Ayeompact configuration for this cell type
was taken in order to optimize the area efficieridy. 30 presents the scheme of the bifacial
module. Standard module glass has been used oftothieside, while a clear transparent

backsheet was applied to the rear side. StandaAddewed as encapsulant.

3.3.2 Packing density

According to PV Education [PVE]: “the packing diayp®f solar cells in a PV module
refers to the area of the module that is coverati wolar cells compared to that which is
blank. The packing density affects the output powafethe module as well as its operating
temperature. The packing density depends on theesbfithe solar cells used. For example,
single crystalline solar cells are round or semiasg, while multicrystalline silicon wafers
are usually square”.

Two modules with 91 and 62% packing density wesedu Cells and construction

materials were identical.
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Figure 30: Scheme of the constructed bifacial medul

Similar results in the same order of magnitude vedatained with this new packing of

the cells, suggesting no clearly visible benefithef module expansion.

Figure 31: Picture of the modules with differentkiag density.
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According to PV Education [PVE]: “sparsely packsalls in a module with a white
rear surface can also provide marginal increasesiiput via the "zero depth concentrator”
effect, illustrated in Fig. 32. Some of the lightiking regions of the module between cells
and cell contacts is scattered and channeled iteeaetgions of the module”.

In our case the back foil is transparent and this e@e more separate in the second
module. We wanted to measure if there is an inflteamhen more light is passing through the
module and being reflected onto the underlyingasef The effective area however, is the

same in both cases because the number of cellhainaize in both cases is the same.

Figure 32: The "zero-depth concentration effectthiodules

with sparsely packed cells and a reflecting rediase [PVE].

We have found there is no measured differencthénmodules performance if the

packing density is different, since the zero-degthcentration effect is not observed.

3.3.3 Measurement of temperature coefficients

In our outdoor measurements, these coefficierédsnaeded to correct the measured
values according to a standardized temperature.
Temperature coefficients for cells are typicatheasured by placing the cell on a

temperature controlled test fixture, illuminatirgetcell with a solar simulator, measuring the
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cell's current-voltage (I-V) curve over a rangecefl temperatures, and then calculating the rate
of change of the desired parameter with temper§iugs.
Coefficients for modules can be measured eithdoars with a solar simulator or

outdoors under operational conditions [KI2].

3.3.4 The data collection system for outdoor measurements

We used an integrated system which allows us dsimgltaneous measurements for
several modules. The measured parameters for tallpdnts are module performance and I-
V curves, the temperature of the cell in the modale the solar radiation chosen
perpendicular to the module surface.

With this data and the temperature coefficient8.@ it is possible to normalize the
measured values to standard test conditions (SAIC)he presented data in this work were

analyzed and corrected to STC: 1000 \Wfar irradiance and 25°C temperature.
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3.4 Measurement results

Bifacial modules are designed to capture the exjstibedo of a region using the front
side as well as the rear side of the device teease the performance. This type of module is
not commonly installed on roofs, and shows begability for ground mounting areas where
light can be reflected by a surface and can becktl at the rear side.

It is known that the space between the module thedreflecting surface plays an
important role in the power output gain [HEZ] ahé homogeneity of the collected reflected
light increases with this distance [KRE].

In this work we have used three types of bifagiabules and three different reflecting
ground rear foils, representing surfaces similarwtwat can also be found in nature, to
demonstrate the potential of these devices (Seto8ex1.4).

3.4.1 Outdoor measurements with two different back sws$ac

The module was mounted with an inclination of 3@fmuth direction south in the
province of Padova, Italy, with the lower part lo& tmodule 30 cm above the ground.

To test the influence of the rear reflectance Ims ttype of modules, three
configurations were used. The first includes a 9@¥ectance surface on the bottom of the
mounted module; the second is shown in Fig. 33 giiss as reflecting surface. In the third
configuration the rear side of the module was cedeavoiding any rear reflection. This last
configuration was chosen to compare this modulel@se as possible with a standard solar
cell module, since no additional light penetratesmodule from the rear side.

During several hours of a day, the following partarewere recorded once an hour:
solar radiation, temperature of the module (abd@fC8, ks, V.. and ambient temperature
(about 30°C). The chosen day (August) was sunny rwtdwindy. Power output was
calculated from these measured parameters, anepisted in Fig. 34 according to the day
time.

Considering the maximum peak at 13:25 h and a saldiation of 950 W/ as
presented in the Table 15, the power output ofitbdule with no reflection is 27.75 W. If the
reflecting surface is grass then the power outpuhéreased by 7% but this benefit is even

enhanced to 17 % if the ground is 90% reflective.
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The average gain during the monitored day hourspewed to the configuration with

no reflection is 8% above grass and 19% if theasaris 90% reflective.

Figure 33: Picture of the module installation ialyt

Figure 34: Power output measurements during dayshéar 3 different reflectance surfaces:

90% reflective surface, grass and no reflectarama the rear side.
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Table 15: Outdoor measurements for a bifacial moduth two different reflections from the rear side

due to changed environment of the module compared reflection from the rear side.

Jsc Voc Pmpp Rel

[A] V] [W]  Variation
No reflection 4.4 8.5 26.1 N/A
Reflection from grass 4.7 8.6 28.1 7.5%
Reflecting surface of 90% 5.3 8.6 31.7 21.4%

3.4.2 Different reflecting surfaces

The measurements were performed in the city ohskanz (coordinates 47°40
8°53E) in south Germany during one week in August. phesented values are averaged
during one day. The module was facing south witlinahination angle of approximately 30°.
The underlying surface cannot be considered asit@fibut it was large enough to reflect an
appropriate amount of light.

Three measurements were recorded for every teftesurface: a) only front side
(monofacial) by covering the rear side of the medb) only rear side, covering the front side
of the module and c) bifacial. Table 16 presentsummary for ¢ and a comparison for

monofacial (only front) vs. bifacial.

Table 16: Module measurements gffdr different reflecting surfaces and the percgatdifference

between monofacial and bifacial measurements @ortfside illumination.

] Rear Front  Bifacial Difference
Reflecting surface

[Al [Al [%]
Black A 0.27 4.62 4.77 3.2
Beige D 0.33 4.60 4.84 5.0
White C 0.46 4.65 5.05 7.9
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The increase in current has a linear dependenceefisctivity of the underlying
surface. Major peaks are detected during differeatliation conditions showing up to 20%,
not visible in the standardized and averaged result

It is also possible to notice an effect, sincedhect addition of front and rear current
is always higher than the measured bifacial vallies mismatch varies inversely with the

reflectivity of the underlying surface.

3.4.3 Underlying area measurements

Fig. 35 presents the lateral view of a schemmédasure the underlying area effect on

bifacial solar cells. A small module with are =w, xw, was placed in a fixed distance

a=Ww, from the underlying surface, keeping the modukeagk parallel to the surface. This
surface is highly reflecting as presented in Fi§y.\ghite C.

To simplify matters, we kept the incident anglealways constant and approximately
30° with respect to the reflecting surface. To lnis,tthe measurements have to be fast, so the
natural movement of the sun does not affect thesoreanents. The angle was calculated from
the projection of the shadow of the module ovendikecting surface.

Once we achieved the desired position we changedrda of the underlying surface
A, =w, xw, by changing the area side, .

For every area sidev,, the |-V characteristics of the module were meagdunder
three conditions: front side only, rear side ontd &ifacial mode.

The summary of these results fggid3 shown in Fig. 36, including also a comparison
with the mathematically added values front plus.rea

While the underlying area sides, increases, the front side measurement remains
constant and only the rear and therefore the lifatiode changes. A saturation can be
observed at approximately six times the module lwidt, = 6 xw;), or in other words at 36
times the module area.

For values of power output the same saturation\behes observed.

The visible gain is up to 29% relative from a smalderlying area compared to an
area larger than 36 times the small area. Fronvdlige on, the surface can be considered as

“infinite” since a larger area will not affect tihesults.

87



The comparison between monofacial and large lyidgrarea in bifacial mode shows
an increase in current up to 35% relative.

It is also interesting to note that the additiortre# values front and rear side is higher
than the measured bifacial mode. This is due tataration effect of the device, as it is
impossible to convert all the light simultaneously.

This study suggests to be extended to a non plaption of the module with
respect to the surface. This would be a more rasé since PV modules are not mounted
parallel to the surface, but at a certain angler €ase is a simplified model, but new
experiments are planned to study this effect iroaemeal situation.

Fig. 35: Scheme of the lateral view for the argaeexnent (not to scale).
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Fig. 36: Current of the mini module for differemea sidew, in three modes:

bifacial, front and rear. Front plus rear side #ddias reference.
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Summary of Chapter Il

Within this work we identified and quantified thefluence of several different back
sheet configurations on IV- and QE measurementsiflacial solar cells and modules. A
comparison of these results with those obtainednfodule laminates with different back
sheets and glass rear sides will yield a basisadourate performance predictions of bifacial
photovoltaic outdoor installations.

The contribution of the rear side has been measanedit can be up to 1% incJ
(Chapter II). To take advantage of this effectabifl solar cells can be laminated using a
high reflecting rear folil. In this case the increa@sn be up to 8% comparing the cell before
and after lamination. When we use a black foil fmmination, a reduction of about 3%
relative in efficiency is observed.

Depending on the reflectivity of the underlyingfsge, an average increase of up to
7.9% (relative) of the bifacial mode compared te thonofacial mode can be observed.
However, higher values of up to 20% have been nmedsuo our experiment.

Comparing the reflectivity of our foils with naally occurring reflectivities, we can
predict an increase of up to 3% relative in thedidl mode compared to monofacial mode
with dark soil as a reflector. For sand or fresbvgithe corresponding numbers are expected
to be 5% and 8% respectively.

The size of the underlying area exposed to dsentight plays also an important role.
We have found that the usable area to reflectigjinet is 36 times the area of the module. For
this type of modules it is important to considewrle separation for installation to take
advantage of the reflection of the natural surface.

These results are a contribution to understando#tevior of bifacial PV modules

under certain conditions and to improve the albamitection.
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Chapter IV

Applications of Bifacial Solar Cells and Modules

Bifacial solar cells and modules are an excellandidate to achieve the required
standards for space and other specific applicatidome of these applications will be shown
in this chapter to show the potential of this cquic&hey have been taken directly from other
authors, experts in the field.

According to Hardingham [HAR]: “when first develahephotovoltaic cells were
suitable only for space applications, owing to thegh cost. Solar cells continue to be used
to power spacecraft, satellites and remotely-cdiettorehicles on Mars. As can be expected,
because of the importance of high reliability, spapplications require extremely high
quality control and standards of production. E#ffaty of the solar cells is also of importance
because of the weight and area limitations on spafi&

Later, the use of bifacial solar modules in sofackers and concentrators prevailed
several years. The intention was to maximize thiopmance of the system including moving
parts or by placing a cheap reflecting materialanndath.

The focus completely changed after the discoverthef“natural” albedo collection.
Since then, the bifacial solar systems have beadiest to understand their maximum
performance to better profit from their use.

A more modern application is building integrated @BIPV). In this case, the idea is
the replacement of construction materials for soiadules.

The advantages of using bifacial cells are multgte some of the applications very
specific, e. g. architectural, awnings, balconibas shelters, carports, deck and porch
coverings, fences, facades, tracking systems, Biewf mount, walkway covers, among

others.
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4.1  Space applications

“In space, bifacial cells offer a lower solar alimorce, reduced operating temperature,
high power/weight ratio, and increased sunlighteabion from the Earth's albedo [CUE].”

The power gains anticipated by Bordina et al. [B@®@&}e confirmed by space tests
performed in 1974. 10kW bifacial space arrays dileis use at the International Space
Station [LET], where they have shown a 10-20% iase&l power generation.

In 2012 Grigorieva [GRI] presented the results mfiravestigation on bifacial Si cells
for space applications, showing that the cellsabie to supply 15-45% more energy than
regular Si cells on LEO space craft. An equivalefiiciency of 25% was presented. The
technology of space bifacial cells was based orctimebination of thermal P diffusion fof n
layer doping and B ion implantation fof jayer doping.

The results compared to monofacial showed thatciifacells, absorb less infrared

light and thus they can operate at lower tempegdatuspace.

Fig. 37: Bifacial Si solar arrays were mounted pacgcrafts “Zarya” and “Zvezda” of Russian
segment of the ISS [GRI]. Picture from the Resed&hadduction Enterprise KVANT.
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4.2 Solar trackers and concentrators

According to Danish Solar Energy [DAN]: “Polar axsslar tracker and/or tracking
concentrator are always mounted on high supparttires (to avoid contact of the rotating
PV array with the ground). It improves back sidergy collection in comparison with fixed
PV arrays or even roof integrated PV modules. Tiergy gain can be in the range 10-15%
(for typical albedo 0.3). Air-flow around the modaland corresponding cooling is improved
as well (especially in comparison with roof inteagchmodules).

It is very advantageous that bifacial PV modulemgparent for infrared radiation, has
lower operating temperature against monofacial ofesout 5-9°C). It is especially
advantageous by solar trackers and tracking softertrators where PV modules are exposed
to higher solar radiation than on fixed racks. Mead temperature of bifacial Si PV modules
on a tracker was usually lower by 5-8°C than tHatoof integrated monofacial Si modules.
The reduced temperature of bifacial modules camiatsease the energy gain by 2-5%.”

“Where it is essential that the bifacial cells areunted in close proximity to a surface
it is possible to obtain radiation on the backhef tells by incorporating reflectors within the
panel itself [EDM]. The simplest integrated reflacts a semi-circular reflector centered on

each edge of each array within the panel as shovig.i38.

Fig. 38: Scheme of cylindrical reflectors that tenintegrated with flat panels

to increase the radiation on the rear surfacefatial solar cells [EDM].

The spacing of the cell arrays within the paneladgjathe width of the array and the

diameter of each semi-circular reflector. The geynef the circular arc is such that all light
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rays penetrating the space between the array$léstesl onto the rear surface of the arrays.
The special density of the cells within the parsehalved but the thickness of the panel is
increased by only a few centimeters and such paaelde close packed against a surface in a
similar manner to conventional panels [EDM].” Tinerieased power output using this system
was over 25%.

In 2003 Uematsu et al. [UEM] introduced a statiocantrator flat plate solar panel
equipped with bifacial PV and V-groove reflectoig(RB9). It can be considered as a low
concentrator and the distance of the bifacial Pdnfrthe V-groove reflector affects the
concentration ratio.

The results using this system showed 82% incremsptical collection efficiency.

Fig. 39: Scheme of a static concentrator flat ptalar panel [UEM].
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4.3 Terrestrial applications, albedo collection

Some of the factors affecting the rear contributan be referred to the illumination
conditions such as sun elevation, diffused/globdiation ratio, albedo of underlying surface;
or referred to the module and system parameterh sscrear/front efficiency, module
inclination (tilt), distance between rows, standra/field system, module elevation above
underlying surface, among others [EIS]. The uskifaicial modules is advantageous for both
sunny and cloudy climates since the scattered &#gtiie atmosphere can be collected.

The initial thrust for using bifacial cells on HBarvas to use flat mirrors that directed
sunlight towards the rear side, as already propdsedMori in 1961 [MOI] and later
implemented by Chevalier and Chambouleyron [C&C].

“The Madrid group focused on adapting to photovo#tathe compound parabolic
concentrators (CPC) invented by Winston [WIN]. Tdne€PC concentrators could be
completely stationary and collect a significantfiran of diffuse radiation. With bifacial cells
the concentration factor inside the silicon cantwiee as high (up to 6, not accounting for
losses) as for a conventional cell [LUQ].”

According to [OOS]: “most of the research groupsused on cheap reflectors to be
used for rear side absorption of bifacial modutesantrast with monofacial ones. This was
inspired by the idea of substituting high cost plottaic material by low cost reflectors”.

Early in 1980 Cuevas [CUE] found a much simpler affdctive way to exploit the
advantages of bifacial cells. The “discovery” hapge rather fortuitously, when the outdoor
measurements of a particular bifacial BSF cell gameapparent efficiency close to 20%.
There was no longer a need for mirrors or concemasince collecting the albedo, either
natural or artificially enhanced, was much easier.

“An experiment was set up imitating a wall and tdjacent ground: two wooden
planks were painted matte white and placed at de@dee angle, as shown in Figure 40. The
PV module was a black-painted piece of plywoodhwithole in the centre where the bifacial
cell was placed. Two more cells placed on the feord back of the mock PV module, served
to measure the light incident on the front and sdes. Measurements were taken every hour
on two days with vastly different climatic conditi® clear and overcast sky. The results were
phenomenal: the bifacial “module” produced appratety 50% more power than the
conventional one [CVS].” A few months later, the amerements were repeated in the

summer solstice, still giving a 34% improvemennabn, the lowest point during the day.
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Even without the vertical wall the improvement vetil 26% at noon (and up to 100% in the
early hours) [CUE].

Once the albedo collection capability was demotestiraan innovative project was
developed by the spanish company Iberdrola. It \@aated near Madrid in Spain. The
installed power was approximately 0.1 MW [IBE]. tinis project the ground was painted
white, as can be seen in Fig. 41 (middle) to ireehe albedo collection using bifacial solar
cells. There were two more installations next te Hifacial installation with normal (not
painted) reflecting ground, used for comparisonfadnnately, the installation was already

removed and no current data could be found to bd fes this chapter.

Fig. 40: Experimental set up used to demonstréiedal collection with bifacial cells [CVS].
Dimensions in cm.

Fig. 41: Aerial photography (from Suravia S. A.)tlé solar park at the experimental center Ibeadrol

where the ground was painted white to increasalthexio collection [IBE].
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44 BIPV

According to Strong [STR]: *“Building-integrated pbwooltaics (BIPV) are
photovoltaic materials that are used to replaceseoiional building materials in parts of the
building envelope such as the roof, skylights, acafdes” (See Fig. 42). “They are
increasingly being incorporated into the constarctof new buildings as a principal or
ancillary source of electrical power, although &rtg buildings may be retrofitted with BIPV
modules as well. The advantage of integrated ploft@mes over more common non-
integrated systems is that the initial cost canofiset by reducing the amount spent on
building materials and labor that would normallyused to construct the part of the building
that the BIPV modules replace. These advantages rBd#RV one of the fastest growing

segments of the photovoltaic industry [WIK].”

Fig. 42: Photography of a passing-light roof udiifgcial solar modules from Sanyo [HIT].
Picture from Phat Energy.

In some cases, a space is needed between solatesi@shd the building construction
to cool down the temperature of the modules withtiletion or cool water. This presents an
excellent opportunity to use bifacial solar modwdes reflecting materials.

Hezel [HEZ] introduced in 2003 a novel multifunctad sun-shading element using
bifacial silicon solar cells. The PV sun-shadingneént consists of a set of parallel strings

made up of 10 bifacial solar cells, 10x10 cm iregizee Fig. 43).
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“The individual strings are arranged about one-w@dith apart from each other. At
roughly the same distance behind the module, aewlsgmitransparent reflector sheet is
placed so that both the light falling directly dretfront side as well as the light reflected by
the sheet onto the rear side of the cell is utilizer electricity production. In addition,
depending on the transmittance, glare-free diffictet passes through the semitransparent
plate into the room behind. The results showed tisatg this arrangement a 37% elevated

output power compared to monofacial systems cavbksned [HEZ].”

Fig. 43: Schema of the multifunctional PV sun-shgdélement with bifacial solar cells

and semitransparent reflector sheet [HEZ].

In other applications, bifacial solar cells canused to power and protect antennas

since they are “transparent” to long wavelengths.
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4.5 Vertical module, photovoltaic noise barriers

According to Nordmann et al. [NOR]: “photovoltaioise barriers (PVNB) along
motorways and railways permit today one of the mesbnomic applications of grid-
connected PV with the additional benefits of lasgale plants (typical installed power: more
than 100 kWp) and no extra land consumption [NORie idea of using PV on NB was
lanced in Switzerland and still is the country wille highest installed PV power capacity in
the world. The technology profits from a big int&rand goodwill by many people”.

As can be found in [N&C]: “the 8 kWp Aubrugg pla(figure 44) is located near
Zurich, on a north—south motorway flyover and ie ttorld’s first PVNB bifacial plant. The
modules are bifacial prototypes and act as souitectimg elements. One side is exposed to
the morning sun and the other to afternoon suthdory the annual yield should be equal to
or higher than the yield of a south-facing arrayi to the cell design and manufacturing
process the back surface has a slightly lowerieffiy. The annual performance is therefore

somewhat lower than might be expected for a fullymetric bifacial array”.

Figure 44: Bifacial Zurich Aubrugg plant with bifattechnology [N&C].
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Joge et al. [JOG] have reported the calculated d@herated power distribution on an
annual basis for a bifacial photovoltaic solar medset up vertically and north to south
(Bifacial: S-N/90°), a bifacial photovoltaic solarodule set up vertically and east to west
(Bifacial: E-W/90°), a monofacial photovoltaic solaodule set up at a 30° angle and facing
south (Monofacial: S/30°), and a monofacial photaio solar module set up at a 90° angle
and facing south (Monofacial: S/90°). “The bifaambdule set up vertically and facing east—
west starts generating power early in the morniag, two peaks, one in the morning and one
in the afternoon, and produces power into the exgenihe integrated value for this curve, in
other words the value equivalent to the annual gged power, represents an amount of
power close to the output for a monofacial modwde up facing south and at the optimal
angle. Fig. 45 represents the results [JOG].”

Fig. 45: Simulation results on daily generated posistribution of vertically installed bifacial

modules compared with monofacial modules and caiweals [JOG].

According to Joge et al. [JOG]: “the results canid that the annual power output
from the bifacial photovoltaic solar module setugptically was almost constant regardless of
the angle used, was over 90% of that of a mondfaniadule facing south and tilted
optimally, and was over 130% of that of one facogth and set up vertically. The approach
of setting up bifacial modules vertically overturoemmon sense about conventional solar
power generation, greatly eases the limits on desagpd minimizes the amount of space
needed for installation”.
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Summary of Chapter IV

Bifacial modules are versatile and they always gmesa higher performance if
compared to monofacial modules. The elevated pedoce of these modules will depend on
the application they are used.

The author has reported over 20% increased perfmenaompared to monofacial
when the modules are measured on a highly refg@mnvironment (Section 3.4.2). Various
authors have presented between 5-50% elevatedpenfices.

First applications of bifacial PV modules were $pace. The idea was to collect some
extra light using reflectors or collecting the matwalbedo from the Earth.

In a second stage, the approach was to use bifawalules trackers systems, in
concentrators and cheap reflectors to direct lighte rear side of the devices. This was not
longer indispensable after Cuevas [CVS] report&@% more power output from an albedo-
collecting flat panel using bifacial solar cellshel focus was then directed to optimize the
albedo collection and to understand how much imgmuent can be expected.

Interesting BIPV applications were shown, usefudwese bifacial systems can replace
construction material and structures, being alsbgdaan energy solution for cities.

Sound barriers and vertical installation of bifdcEolar systems presented an
innovative application for this type of devices.eTimcreased power output in this case will
depend on their spatial installation. Nevertheldghs, results will always be higher than

compared to monofacial systems.
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Summary

Economic growth is bound to energy consumption.aBee anthropogenic emissions
of carbon dioxide result primarily from the comhbastof fossil fuels, energy consumption is
at the center of the climate change debate.

The goals of the European Union for 2020 were ‘$sk& renewable energies should
have a 20% share of the total energy production thedoverall C@ emission should be
reduced by 20%” [ERE].

One way to achieve the proposed international gsalke use of photovoltaic solar
energy. The growth rate of PV during 2011 reacHetst 70%, an outstanding level among
all renewable technologies [EPI].

This work is based on crystalline silicon and ipkns the necessary processing steps
to create a bifacial solar cell from a crystallsiécon substrate.

Different structures for bifacial solar cells cam dbtained using different processes.
One of these structures was explained in detadcrit@ng every step of the process to
understand how the prithe pp junctions and the metal contacts are formed st akplained
the processing details to clean the silicon sutestrbefore and after processing and most of
the chemical reactions involved.

The most decisive step in our process was the kdiffusion; it marked the difference
to the standard solar cell process and it alsesgmted the major challenge.

After several attempts of process sequences aidiaation of most fabrication steps,
a final device was presented. It was publishedQh02by the author. The device can be
manufactured with good reproducibility and religiibf the results in large quantities, within
a small range of satisfactory efficiencies for fiteent side as well as for the rear side.

We processed the first batch of 50 solar cellsG@8obtaining 15.3% efficiency for
the front side and 9.9% for the rear side. After diptimization of most processing steps, the
best efficiency was 17.3% and 15% for the front seadt side of the device, respectively. The
process was stable and could be extended up toe2@0per batch.

The total light induced degradation of the cellssviass than 2% in average for the
front and rear side, fulfilling the requirements $olar cell industry.

A novel concept was applied for the first time hasttype of device. The laser doping

technique was tested over boron diffused substiatessolar cells were further processed.
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Combining our standard process with the laser dppolar cell efficiencies of 18% for the
front side and 17% for the rear side can be reached

An important challenge of special interest waswiag these devices are measured. A
solution and guideline was proposed to avoid mesgakhen measuring bifacial solar cells
and other light passing-through devices.

We presented the most used characterization teodsitpr solar cells. These are I-V
curve and spectral response. To characterize &ifaolar cells realistically it is necessary to
consider the structure of the devices and thearaation with the measurement system.

We identified and quantified the influence of di#fat chuck reflectances for bifacial
solar cells, which can be up to 1% in short circuitrent and efficiency.

An alternative for bifacial measurement and quilgssification of bifacial solar cells
was presented. It allowed simultaneous front andr rdlumination and gave more
comprehensive information of the bifacial solal performance.

It is important to mention that, there is no meesystandard yet for bifacial solar
cells. We believe our study is a contribution taHer define these standards.

Selecting some of the finished bifacial solar celle constructed bifacial solar
modules, using different transparent rear foil sheleasurements using these modules were
performed in Italy and in the city of Konstanz. @ndeveral measurement conditions, the
modules have exceeded our expectations of perfarenstmowing their maximum potential.

Bifacial solar cells were laminated using a higfieaing rear foil. In this case the
increase can be up to 8% comparing the cell bedark after lamination. When we used a
black foil for lamination, a reduction of about 3&tative in efficiency was observed.

When measuring bifacial solar modules the refligtiof the underlying surface plays
an important role; we have measured an averagedserof up to 7.9% (relative) of the
bifacial mode compared to the monofacial mode. Thighest increase was 20% in our
experiment.

The size of the underlying area exposed to dsentight plays also an important role.
We have found that the usable area to reflectigin is 36 times the area of the module. To
install this type of modules it is better to usku@e separation from the ground and between
modules, to take advantage of the reflections fiteemnatural surfaces.

Bifacial modules are versatile and they alwaysgmea higher performance compared
to monofacial modules. The elevated performancdghete modules will depend on the

application they are used and the albedo amouwtritas collect.
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First applications of bifacial PV modules were &pace. Later, the focus was the
optimization of the albedo collection. Currentlyetapplications are very varied, being part of
the architecture of a city and contributing to émergy supply.

To conclude, a high efficiency design for bifacslar cells was presented in this
work. Cells were manufactured, measured and bif&¥amodules were further laminated.
Indoor and outdoor measurement showed the grefrpemnce of this concept. Finally, some

applications of these systems were presented.
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Zusammenfassung

Wirtschaftswachstum und Energiekonsum sind engimaiteler verkniUpft. Da die
anthropogenen Kohlendioxid-Emissionen hauptsachéiah die Verbrennung von fossilen
Energietragern zurtckzufuhren sind, nimmt der Eiegsgbrauch eine zentrale Stellung in
der Debatte uber den Klimawandel ein.

Die Ziele der Europaischen Union fur 2020 wurdere violgt festgelegt: “Die
erneuerbaren Energien sollen 20% der Gesamt-Epeogiektion ausmachen und die
Kohlendioxid-Emissionen um 20% reduziert werdenRH.

Ein Weg, diese international vorgeschlagenen Zzelesrreichen, ist der Einsatz der
Photovoltaik (PV). Im Jahr 2011 erreichte das jahd Wachstum von PV beinahe 70%, ein
herausragendes Niveau unter den erneuerbaren En¢Eil].

Die vorliegende Arbeit basiert auf kristallinen i8iimsolarzellen und erklart die
notwendigen Schritte, um eine bifaziale Solarzellss einem kristallinen Siliziumsubstrat
herzustellen.

Verschiedenste Strukturen von bifazialen Solarrekénnen Uber unterschiedliche
Prozesse realisiert werden: Eine dieser Struktwiesh hier konkret im Detail erklart, wobei
jeder Prozess-Schritt beschrieben wird, um zu ebest, wie die phund pg Ubergénge und
die Metall-Halbleiter-Kontakte gebildet werden. Auwf@em wird die Reinigung des
Siliziumsubstrats vor und nach jedem Prozess-Sdmitart sowie die meisten chemischen
Reaktionen, die dabei eine Rolle spielen.

Der entscheidendste Schritt in unserem ProzessliéstBor-Diffusion. Er ist der
Hauptunterschied zum Standard-Solarzellen-Prozedsuch die grof3te Herausforderung.

Nach dem Test unterschiedlicher Prozess-Sequemzedar Optimierung der meisten
Prozess-Schritte konnte eine endgultige Versiomestellt werden. Diese wurde 2010 von
der Autorin veroffentlicht. Diese Solarzelle kanrei bguter Reproduzierbarkeit und
Zuverlassigkeit der Messdaten in grol3er Zahl heefjeserden, wobei der Zellwirkungsgrad
der Vorder- als auch der Rickseite zufriedenstellshund eine kleine Streuung aufweist.

Wir stellten 2008 die erste Charge von 50 Solaerelier und erzielten dabei einen
Wirkungsgrad von 15,3 % (Vorderseite) bzw. 9,9 %dkseite).

Nach der Optimierung der meisten Zellprozesse éagdste Wirkungsgrad bei 17.3%
(Vorderseite) bzw. 15% (Ruckseite). Der Prozess stalil und pro Charge konnten bis zu

200 Zellen hergestellt werden.

10t



Die gesamte lichtinduzierte Degradation (LID) dexllén lag fur die Vorder- und
Ruckseite im Mittel unter 2% und erfullt damit dheforderungen der Solarzellenindustrie.

Zum ersten Mal wurde ein neues Konzept fur diesgmvbn Solarzellen getestet. Die
Technik der Laser-Dotierung wurde auf Substrate emer Bor-Dotierung angewandt und
anschlielend Solarzellen hergestellt. Die Kombamatvon Laserdotierung und unserem
Standardprozess fuhrte zu Zellwirkungsgraden vén (Borderseite) bzw.17% (Ruckseite).

Die Messung bifazialer Solarzellen stellt eine grdflerausforderung dar, die von
besonderem Interesse ist. Eine Losung und einetlRiehwerden hier vorgeschlagen, um
Fehler bei der Messung bifazialer Solarzellen undeaer Zellkonzepte, bei denen Licht auf
der Ruckseite austritt, zu vermeiden.

Wir stellen die gebrauchlichsten CharakterisierdMgshoden fir Solarzellen vor:
[-V-Messungen und ,spectral response“. Um bifaziaBolarzellen realitatsnah zu
charakterisieren, ist es wichtig, die Struktur detlen und ihre Wechselwirkung mit dem
Mess-System zu beachten. Wir untersuchten undti§jasrten den Einfluss verschiedener
,Chuck“-Reflexionsgrade; der Einfluss auf Kurzsadstrom und Wirkungsgrad kann dabei
bis zu 1% relativ betragen.

Ein alternatives Konzept zur Messung und die sd@nklassifizierung bifazialer
Zellen wurde vorgestellt. Es erlaubt die gleichgeiBeleuchtung von Vorder- und Riickseite
und liefert umfassendere Informationen zur dertueig von bifazialen Solarzellen.

Es ist dabei wichtig zu erwdhnen, dass zurzeit nash Standard fir die Messung
von bifazialen Solarzellen existiert. Wir denkemsere Studie kann dazu beitragen, einen
solchen Standard festzulegen.

Aus den hergestellten bifazialen Solarzellen wurdeter Verwendung verschiedener
transparenter RiUckseitenfolien bifaziale Solarmedbkrgestellt. Messungen an diesen
Modulen wurden in Italien und in Konstanz durchdefli Unter verschiedenen
Messbedingungen haben die Module unsere ErwartungeBezug auf die Leistung
Ubertroffen und ihr maximales Potential gezeigt.

Bifaziale Solarzellen wurden auch mit einer hodeidiven Ruckseitenfolie
einlaminiert. In diesem Fall betragt der Wirkungstgewinn bis zu 8% relativ im Vergleich
zum Zellwirkungsgrad vor der Laminierung. Mit eineschwarzen Rickseitenfolie
beobachteten wir dagegen eine Reduktion von 3%vela

Fur die Messung bifazialer Solarmodule sind didld@nseigenschaften der Flache
unter dem Modul wichtig. Im Vergleich zu einem remonofazialen Betrieb haben wir

bifazial im Mittel einen Zuwachs von 7.9% (relaty@messen, wobei der hdchste gemessene
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Zuwachs in unserem Experiment 20% (relativ) betrug.

Der Anteil der Flache unter dem Modul, welche d@ekten Sonneneinstrahlung
ausgesetzt ist, spielt ebenfalls eine wichtige &k&Wir fanden heraus, dass die Flache, die fur
die Reflexion genutzt werden kann, 36-mal so graB die Modulflaiche ist. Um die
Reflexion des natirlichen Untergrundes optimal atzen, ist es daher besser, die Distanz der
Module untereinander und vom Boden grol3 zu wahlen.

Bifaziale Module sind vielseitig und weisen immenee hohere Leistung auf als
vergleichbare monofaziale Module. Die hdohere Leigthangt von der Art der Verwendung
und dem Anteil der Albedo ab, den die Module “engan” konnen.

Die Raumfahrt war das erste Anwendungsgebiet fazizle Module. Spater verschob
sich der Schwerpunkt Richtung optimaler Nutzung @dbedo. Im Moment sind die
Anwendungen sehr unterschiedlich, unter anderenden Stadtarchitektur, wo sie zur
Energieversorgung beitragen.

Ein bifaziales Solarzellen-Design mit hohem Wirksggad wurde in dieser Arbeit
vorgestellt. Solarzellen wurden hergestellt und gesen; auRerdem wurden bifaziale
Solarmodule laminiert. Messungen unter Laborbediggn und Freilandmessungen
unterstreichen die gute Leistung dieses Konzeptsm ZAbschluss wurden einige
Anwendungsgebiete fiir bifaziale Solarmodule préasent
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